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PREFACE
This thesis describes the results of an experimental 
investigation of three francium isotopes using the 14UD Pelletron 
accelerator in the Department of Nuclear Physics at the Australian 
National University. A large number of experiments were carried out 
as part of this investigation and assistance was given at various 
times by Dr. George Dracoulis, Dr. Claes Fahlander, Prof. Herbert 
Hübel, Dr. Andrew Stuchbery, Prof. Alan Poletti, Dr. Jurgen Gerl, 
Raoul Davie and Stephen Poletti. Apart from some assistance with the 
playback of the EMR data, the entire data analysis was carried out by 
myself. Most of the analysis programs were already in existence and 
required only minor modification by me. The g-factor analysis program 
was written by Andrew Stuchbery.
The interpretation of the structure of the francium nuclei was 
made by me, with some sage advice from George. The calculations 
using the empirical shell model were performed largely by myself, 
although some of the energies of the low spin couplings were obtained 
using programs written by Alan Poletti. The interpretation of the E3 
strengths in this region benefited from lively discussions with 
Stephen Poletti.
An integral part of this thesis was the establishment of a 
facility to measure nuclear g-f actors. Most of the work on this 
apparatus, including the design of the support and chamber was done by 
myself, in close collaboration with George Dracoulis, technical and 
workshop staff.
A report on the application of the empirical shell model to core-
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excited states, developed by George Dracoulis and myself, has already 
been published:
A.P. Byrne and G.D. Dracoulis
"Energy depression of core-excited states in radon nuclei."
Nucl. Phys. A391 (1982) 1
21 1Preliminary results for Fr have also been published.
A.P. Byrne, G.D. Dracoulis, H. Hubei and R.F. Davie 
"High spin states in ^^Fr"
Proc. Int. Conf. on Nucl. Phys., Florence, August 1983 
The remaining material in this thesis is being prepared for 
publication.
During the course of this thesis I was also involved in studies
9 0 S o noof other nuclear systems. Some of these, namely At, Rn and 
209Rn have structure similar to the Fr nuclei. Others, in the light 
Hg and Os/W regions, provided different experimental and
interpretative problems. Time was also spent on detector system 
design. The results of these studies have been, or are about to be, 
published elsewhere.
No part of this thesis has been submitted for a degree at any 
other university.
Aidan P. Byrne
Canberra December 1984
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VABSTRACT
?11 9 1 9 9 1 9High spin states have been populated in the nuclei ’ 
using carbon induced, xn reactions on thallium. The decay of the 
excited states was investigated with a number of gamma-ray 
spectroscopic techniques, including angular distribution, conversion 
electron, gamma-gamma coincidence and n-gamma coincidence 
measurements. Direct timing experiments were carried out using pulsed 
beams and the g-factors of the long-lived states measured using the 
TDPAC technique.
Excited states were observed in each of the francium nuclei to 
excitation energies of about 8 MeV and to spins around 28 fi. Spin and 
parity assignments were made to most of the observed states.
The following long-lived states were identified:
In 213Fr at 1141 keV (t = 26(l)ns, g = .88(16)), 1590 keV (720(30)ns,
g = .89(2)), 2538 keV (350(30)ns, g = 1.053(10)), 3655 keV(3.5(10)ns), 
4993 keV (19(2)ns, g = 1.03(3)), and 6715 keV (9(2)ns).
In 212Fr at 1551 keV (39 ys), 2492 keV (870(40)ns, g = 1.04(1)), 
4834 keV (6.1(5)ns) and 5854 keV (450(30)ns, g = 0.81(1)).
In 2^Fr at 1686 keV (3.0(3)ns), 2423 keV (210(20)ns, g = 1.06) and
4657 keV (178(20)ns, g = 1.08(1)).
The properties of the excited states are interpreted in terms of
couplings of single-particle orbits and energy levels are calculated
using the empirical shell model. Most of the yrast states are well
7 1 7described by relatively pure many-particle configurations. In ^A^Fr 
and 2^3Fr, core excited configurations are required to explain the
vi
high spin states. These states occur at excitation energies lower 
than the naive weak coupling estimates because of the strong 
attractive proton-neutron interaction between maximally aligned 
orbits.
Many of the yrast traps observed in these nuclei are attributed 
to E3 transitions of relatively low energy, although their strengths 
are greatly enhanced over the single-particle values. This 
enhancement is due to coupling to the 3- vibrational phonon. The 
strengths of E3 transitions which de-excite very high spin states 
often exceed that of the core 3 strength and this behaviour is 
attributed to the constructive interference of several component 
transitions between states with mixed configurations. Relationships 
between the observed structure of the francium nuclei and other nuclei
in this region are discussed.
vii
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1CHAPTER 1 
INTRODUCTION
Two extreme descriptions are usually used to explain the 
properties of the atomic nucleus. In one picture the constituent 
particles behave coherently and the nucleus displays bulk properties 
much like a liquid drop or rigid body. Alternatively the properties 
may be determined by a small number of the component nucleons. When 
the nucleus is spun and forced to accommodate angular momentum, there 
exists a delicate interplay between these collective and non-collective 
modes .
For very rapid rotations the nucleus can be described well as a 
drop of incompressible fluid [Coh74], with extreme rotation resulting 
in fission. For rotations below the fission limit the nucleus can 
still be considered as a rigid body, with the lowest energy states for 
a given spin (the yrast states) occurring for rotation about the axis 
with the largest moment of inertia. For a prolate density 
distribution these yrast states correspond to a rotation about an axis 
perpendicular to the symmetry axis as illustrated in figure 1.1a. The 
level structures of such nuclei have smooth variation of excitation 
energy with spin E 1(1+1)).
The rotational energy need not only be carried by bulk rotation 
of the nucleus, and in a rotating potential, high spin orbits can 
couple to the rotation, through the Coriolis force so that the spins 
are aligned along the rotation axis. The total angular momentum in 
these systems is shared between the collective and the single-particle
2I T
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Figure 1.1: Dominant modes of accommodating angular momentum.
Figure 1.1a shows schematically the collective rotation of a 
prolate nucleus. The total angular momentum is due completely to 
the rotation. In figure 1.1b the total angular momentum is shared 
between the rotation R and the rotation-aligned orbits j ^  and j 9 . 
The nucleus in figure 1.1c is spherical and in this case the total 
angular momentum is formed by the alignment of the spins of the 
single particle orbits.
degrees of freedom. This rotation-aligned coupling scheme is 
illustrated in figure l.tb. The energy spectra of nuclei with this 
coupling are perturbed from the pure rotational description and the 
properties of nuclei in the rare-earth region have been particularly 
well described by this model [deV83].
For nuclei with oblate or spherical density distributions the 
largest moment of inertia is for rotations about the symmetry axis. 
Since the nucleus is a quantal system such rotations cannot occur and
3in these nuclei angular momentum must be accommodated by the motion of 
individual particles. A signature of such behaviour is the irregular 
variation of excitation energy with spin. High spin states in such 
nuclei must be generated by the alignment of many orbits, each 
contributing to the total angular momentum as shown in figure 1.1c. 
In the limit of a large number of non-interacting particles the Fermi 
gas model can be applied and it can be shown that, on the average, 
this single-particle motion corresponds to an effective rotation about 
the symmetry axis, with a "moment of inertia" equal to that of a rigid 
body [Boh75].
The shape of the nucleus, and consequently the level structure, 
depends oo> the numbers of the constituent protons and neutrons. In 
addition, the shape of the nucleus is also offected by the rotation of 
the nucleus and shape changes can occur as the nucleus is spun. 
Potential energy surface calculations for the francium nuclei, 
[Fra80], indicate that the isotopes 211 ,212,213pr are initially 
spherical. Hence the structure of these nuclei will be predominantly 
determined by the alignment of individual particle spins. There are 
two regions of the periodic table where high spin states formed in 
this manner have been identified. One region is centred around the
closed neutron shell at N = 82 and pseudo-closed proton shell at
1 s?Z = 64 and, for example, states in the nucleus Dy have been 
observed up to a spin of 38 fi [Haa81]. The other region is that 
discussed in this thesis, near the closed N = 126 and Z = 82 shells 
and excited states with spins around 30 ti have been observed in the 
radon isotopes near the closed neutron shell [Hor79, Pol80, Dra81a].
Level schemes for three francium nuclei are presented in this 
thesis. 213pr has five valence protons outside the closed proton 
shell and a closed neutron shell, while Fr and  ^ Fr have one and
4two neutron holes respectively. Because of the similarity in the 
valence nucleons, the nuclear structure of the francium nuclei was 
expected to be as rich as that of the previously studied radon 
isotopes. In addition, the study of the francium systems allows a 
more complete picture of the structure of high spin states in this 
region to be developed. In particular, the occurrence of long-lived 
states (mean-lives greater than 1 ns), strongly enhanced E3 
transitions, and the intrusion of core excited configurations at high 
spin are features of this region.
The experimental methods used to provide information on the
structure of the Fr nuclei are discussed in chapter 2. The next three
211 212 213chapters describe, in detail, the properties of the » » Fr
nuclei determined in the present work. In chapter 6, the nuclear 
structure of these states is interpreted in terms of single-particle 
couplings. The excitation energies of these excited states are 
determined using empirical single-particle energies and two-body 
residual interactions derived from experimentally observed levels. 
Finally, chapter 7 deals with the general properties of high spin 
states in the francium nuclei and relates the structure observed in 
these systems to the properties of the neighbouring nuclei.
5CHAPTER 2
EXPERIMENTAL METHODS
2.1 INTRODUCTION
This chapter is concerned with the experimental methods used to 
determine the nuclear structure of states, populated in the 
de-excitation of the nucleus, from the properties of the gamma-rays 
emitted.
Broadly, the investigation has four main parts:
1. the formation of the states of interest.
2. the identification of states.
3. the determination of the properties of the states.
4. the determination of the nuclear structure of the states.
The process is indicated schematically in figure 2.1. Experimental 
measurements are indicated by the circles and the flow of information 
by the arrows. For the three Fr nuclei presented here ALL of the 
indicated experiments were performed.
Initial estimates of the cross-section for a particular reaction 
may be obtained from previous experimental measurements, or estimated 
by calculation. In this region, statistical model codes provide 
reasonably reliable estimates of the yields from heavy-ion,xn 
reactions. Optimum reactions and energies are then obtained using 
excitation function measurements, where yield as a function of 
bombarding energy is determined.
Coincidence techniques provide most of the experimental 
information required to construct the level scheme. Where some
6Nucleus under 
investigation
Identification
of states
mean-lives
(comciden^
I moments) 9 |
Structure of 
states
Figure 2.1: Gamma-ray spectroscopy.
The inter-relationship of aspects of gamma-ray spectroscopy. The 
circles indicate experimental measurements and the arrows the flow 
of information.
7gamma-ray transitions are already known, the gamma-gamma coincidence 
experiments unambiguously identify other transitions in the same 
nucleus. Where no previously established levels exist, as was the 
case with Fr, coincidences with the characteristic Fr X-rays, in 
conjunction with excitation function measurements, allow initial 
assignments of gamma-rays to a particular nucleus. Further 
assignments may then be made using the gamma-gamma coincidence data. 
Coincidences with the characteristic X-rays also provide confirmation 
that the lines observed are associated with the Fr nuclei, and help 
identify contaminant gamma-rays produced in other reactions, or from 
the radioactive decay of the francium nuclei.
The ordering of states is inferred from excitation function 
measurements but is obtained more rigorously, following the 
identification of isomeric states. The time information from the 
gamma-gamma data allows the isolation of groups of gamma-rays, 
separated by isomeric states, within which there is only prompt 
coincidence. These groups can be uniquely ordered from the 
gamma-gamma information alone. The mean-lives of the states may also 
be determined from the gamma-gamma data by gating on transitions which 
precede and follow a particular state. This has the advantage 
over other methods, since a single isomer may be isolated, and 
complications of feeding from other delayed states can be avoided. 
Other, more complex, time information can be obtained from n-gamma and 
beam-gamma measurements. The decay functions obtained in these 
experiments yield not only the mean-lives of the states, but also the 
relative intensity as a function of time for every gamma-ray. Since 
the population of a state may be from decay along delayed paths and 
from prompt side-feeding, the ratio of prompt to delayed intensities 
for gamma-rays below an isomer can unambiguously give the ordering of
these transitions.
8The static and dynamic electromagnetic properties of the nucleus 
are determined by the matrix elements of the nuclear multipole 
operators. These operators are functions of the character (the type 
(electric or magnetic) and multipolarity) of the emitted radiation and 
their matrix elements contain all the information about the structure 
of the nuclear states involved in the transition. The dynamic moments 
connect the properties of the initial and final states, whereas the 
static moments involve only the diagonal matrix elements and are 
properties of individual states. The properties of the states are 
inferred from the observation of the properties of the emitted 
radiation. The spin and parity of a state are determined from the 
spin and parity changes of the transitions de-exciting the state 
(which are functions of the character of the radiation), and the spin 
and parity of the final states. The character of the radiation is 
usually not determined by measurement of the gamma-ray angular 
distribution alone, and further information is required for the 
assignment of spins and parities to states. The measurement of the 
linear polarisation of the emitted gamma-ray may determine the 
character of the radiation. The transition probability may be 
determined from the measured mean-lives and branching ratios and it 
places further constraint on the allowed values. Ground state spin 
and parity assignments may be made from radioactive decay studies or 
direct spin measurement*. (The ground state spins of the Fr nuclei 
have been measured using atomic beam magnetic resonance.)
The measurement of the conversion electrons provides additional 
information regarding the spin and parity change in a transition, as 
the internal conversion process is an independent, competing, 
electromagnetic decay mode [Ros65, Pau75]. The probability for 
electron conversion depends on the Z of the nucleus, the atomic shell
9from which the electron is ejected, and the character and energy of 
the transition. Measurement of the a K , and conversion 
coefficients, or their ratios, can often uniquely describe the spin 
and parity change of a transition. The total conversion coefficient 
may also be determined from the delayed intensity measurements, since, 
provided there are no feeding contributions from additional delayed 
sources, the intensities of transitions following the decayAan isomer 
are equal. Missing gamma-ray intensity can thus be attributed to 
electron conversion.
Measurements of the static moments, such as the magnetic moment 
and quadrupole moment, give properties of individual states and 
therefore provide more direct constraints on the configurations which 
may be assigned to these states.
The later sections in this chapter highlight aspects of the 
experimental methods, with particular reference to the systems 
investigated. The techniques of gamma-ray spectroscopy are, in 
general, well established and a number of thorough discussions are 
available [Sie65, Ham75, Mor76, Pel82].
2.2 (HI,xn) REACTIONS
The use of heavy ions Z > 4 as projectiles has long provided an 
important tool for the preparation of excited nuclei with large 
angular momenta. Several comprehensive reviews exist on the subject 
[New74, Bas80, Pel82, Dia80] and reaction studies provide an active 
area of research in their own right. In this section several aspects 
of heavy-ion fusion evaporation reactions are examined with a view 
to providing an understanding of the formation and gamma decay of the 
Fr nuclei.
The (HI,xn) reaction takes place in two steps, the fusion of the
10
target nucleus with the heavy projectile followed by the subsequent 
decay of the equilibrated system. The fusion process creates an 
excited compound nucleus with high angular momentum and at high 
excitation energy. Fusion of the two nuclei will only occur if the 
input energy exceeds the Coulomb barrier and only for partial waves 
with £ values lower than a critical value. Classically this value is 
given by
£ = 0.219 R {u(E - V )}^ (Ti)
' cm c
where R is an effective interaction radius of the colliding nuclei,
V VR = 1.5(A^+ a|) (fm), y is the reduced mass (y = A^A2/(Aj + A2)), Ecm 
the centre of mass energy in MeV and Vc the Coulomb barrier energy 
(Vc = 1.44 Zj^/R (MeV)). The total fusion cross section (assuming a 
sharp cutoff at £) is given by
ö = TTR“(1 - V /E ) MO (mb) c cm
The large mass of the systems studied A % 215 means that for
energies significantly above the Coulomb barrier, fission of the
compound system will be the dominant decay channel. When the fission
barrier equals the neutron separation energy, the fission process
competes, approximately equally, with neutron evaporation. Because of
the shell closure at N = 126, the neutron separation energy increases
0 1/for the Fr nuclei lighter than rr. Liquid drop model calculations 
[Coh74] indicate that the fission barrier is already equal to the 
separation energy at Fr even at zero angular momentum, so that the 
fraction of the reaction cross section remaining after fission is 
expected to decrease rapidly for the lighter systems.
11
I f  t h e  s y s t e m  d o es  n o t  f i s s i o n ,  d e - e x c i t a t i o n  o f  t h e  compound 
s y s t e m  i s  a c h i e v e d  by t h e  e m i s s i o n  o f  p a r t i c l e s .  C h arg ed  p a r t i c l e  
e m i s s i o n  i s  h i n d e r e d  by t h e  Coulomb b a r r i e r  and d o e s  n o t  com p e te  w i t h  
n e u t r o n  e m i s s i o n  e x c e p t  f o r  v e r y  n e u t r o n  d e f i c i e n t  n u c l e i  w h e re  t h e  
n e u t r o n  s e p a r a t i o n  e n e r g y  i s  l a r g e .  The n e u t r o n s  a r e  e m i t t e d  
s t a t i s t i c a l l y  w i t h  a M a x w e l l i a n  d i s t r i b u t i o n  and f o r  t h e  F r  n u c l e i  t h e  
e m i s s i o n  o f  5 n e u t r o n s  t a k e s  away t y p i c a l l y  45 MeV o f  e x c i t a t i o n  
e n e r g y .  The a v e r a g e  a n g u l a r  momentum t a k e n  away by e a c h  n e u t r o n  i s  
s m a l l  ( «  1 . 5  1i) so  t h a t  a f t e r  p a r t i c l e  e m i s s i o n ,  t h e  n u c l e u s  i s  l e f t  
w i t h  up t o  15 MeV o f  e x c i t a t i o n  e n e r g y  and a s p i n  o f  up t o  %35 f t .  
F i g u r e  2 . 2  i l l u s t r a t e s  t h e  d e c a y  p r o c e s s .  As t h e  e x c i t a t i o n  e n e r g y  i s  
r e d u c e d  t o  a b o u t  one  n e u t r o n  b i n d i n g  e n e r g y  ab o v e  t h e  y r a s t  l i n e ,  t h e  
d e n s i t y  o f  s t a t e s  a v a i l a b l e  a f t e r  n e u t r o n  e m i s s i o n  i s  r e d u c e d ,  so  t h a t  
gamma-ray  e m i s s i o n  b e g i n s  t o  c o m p e t e .  Decay t o  b e lo w  t h e  y r a s t  l i n e  
i s  f o r b i d d e n  s i n c e ,  by d e f i n i t i o n ,  t h e  d e n s i t y  o f  s t a t e s  i n  t h i s  
r e g i o n  i s  z e r o .  C o m p e t i t i o n  w i t h  t h e  n e u t r o n s  i s  m a i n l y  f rom  h i g h  
e n e r g y  ( 1 - 2  MeV) El  gam ma-ray  t r a n s i t i o n s  and t y p i c a l l y  f o u r  o f  t h e s e  
gamma- rays  a r e  e m i t t e d .  The d e c a y  a t  t h i s  s t a g e  can  f o l l o w  many p a t h s  
b e f o r e  p o p u l a t i o n  i s  c o n c e n t r a t e d  i n t o  t h e  s t a t e s  w h i c h  make up t h e  
y r a s t  l i n e ,  so t h a t  t h e s e  gam m a- ray s  fo r m  a q u a s i - c o n t i n u u m  s p e c t r u m .  
The c h a n g e  t o  t h e  d i s c r e t e  gam ma- ray  s p e c t r u m  o c c u r s  when s u f f i c i e n t  
d e c a y s  f o l l o w  t h e  same p a t h  t o  be r e s o l v e d  i n  t h e  d e t e c t o r  s y s t e m .  I n  
c o n t r a s t  t o  d e f o r m e d  n u c l e i ,  w h e re  t h e  p o p u l a t i o n  f e e d s  i n t o  
r o t a t i o n a l  b an d s  w he re  t h e  e n e r g y  s p a c i n g  i s  s m o o t h l y  v a r y i n g  an d  
d e - e x c i t a t i o n  t i m e s  a r e  r e l a t i v e l y  s h o r t ,  t h e  y r a s t  l i n e  i n  t h i s  
r e g i o n  i s  l a r g e l y  d e t e r m i n e d  by m u l t i - p a r t i c l e  s t a t e s  and l o n g  l i v e d  
s t a t e s  a r e  e x p e c t e d .
The e x p e c t e d  c r o s s - s e c t i o n s  w e re  c a l c u l a t e d  u s i n g  t h e  s t a t i s t i c a l  
mod el  code ZPACE [ G a v 8 0 ] .  R e s u l t s  f o r  t h e  r e a c t i o n s  ^ ^ T l  _j_ 12^, anc|
12
Input angular momentum
m
Intensity
217Figure 2.2: Decay of the compound nucleus Fr.
o i 7Schematic decay of the system Fr following the reaction
205Ti + at 87 MeV. The upper curve shows the calculated input 
angular momentum distribution and the curve at the right the 
energy carried away by the neutrons. The envelopes show the 
general regions populated after each neutron emission. The 
predominant region of gamma-ray decay is indicated by the shaded 
region.
13
203t i + 12c are shown in figures 2.3a and 2.3b and these are compared 
to the data of Le Beyec et al. [LeB72]. The competition from fission 
can be clearly seen in the more neutron deficient systems. The 
bombarding energies used were chosen to maximise the input angular 
momentum ( « 45 fi) without introducing dominating contributions from 
other channels.
Other reactions such as 10ß ,5n), ^^Hg( ,5n) and
198pt(19F>5n) may aiSo be used to populate the Fr nuclei, however the 
Tl(C,5n)Fr reactions are expected to maximise the input angular 
momentum. The boron induced reaction is less favourable because 10B 
is less bound, compared with carbon, so that the peak of the reaction 
is closer to the barrier. The higher Coulomb barrier in the reactions 
with heavier beams also causes a reduction in the maximum input 
angular momentum.
2.3 TARGETS AND BEAMS
The ready availability of beams of both 12C and 13C from the ANU 
14UD Pelletron accelerator supported the choice of the carbon induced 
reactions on thallium. The reactions used and bombarding energies are 
given in table 2.1.
Targets were of isotopically enriched T1 (96% enrichment in both
_ 9cases) evaporated onto thin (20 yg cm ) carbon foils, to form foils 
typically 3-4 mg cm thick. This thickness corresponds to an energy 
loss of about 3 MeV for an 87 MeV carbon beam. As can be seen from 
the cross-sections shown in figure 2.3, this is small compared to the 
separation of the reaction channels and does not introduce significant 
contamination from other reactions. An attempt was made to roll the 
T1 material but due to the softness of the metal, satisfactory foils
_oless than 8 mg cm could not be produced. The pulsed beam and
14
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Figure 2.3: Reaction cross-sections.
Predictions of the cross-sections from the code ZPACE are shown 
for the reactions 205^ + 12 q (2.3a) and 203^ + 12q (2.3b).
2 1 7Experimental points from Le Beyec et al. are shown for the Fr 
system. *
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Table 2.1: Reactions
Nuclei Studied Reaction Beam Energy 
lab (MeV)
i max
h
213Fr 205T1(13Cj5n) 87 46
212Fr 205T1(12c>5n) 87 44
198Pt(19F,5n) 102 41
211Fr 203T1(13Cj5n) 89 47
205T1(12C)6n) 96 49
211,212,213Fr natTl(^2C,xn) 87
g-factor measurements, (sects. 2.8 and 2.9) were performed after the
level schemes had been determined. It was then possible to use a
thick target of natural thallium (70.5% 283T1, 29.5% 2(93T1) since the
origin of the observed gamma-rays was established, and no significant
overlap of lines was expected. For the thick target measurements the
cross sections shown in figure 2.3 are therefore integrated to below
the Coulomb barrier, and reasonable yields for all three systems of
interest were produced simultaneously.
An 87 MeV carbon beam will produce reactions on all materials 
238(the barrier for U is 64 MeV) so for the measurements with thin 
targets it was necessary to stop the beam in a remote, shielded beam 
dump to prevent unwanted irradiation of the detectors.
2.4 GAMMA-RAY DETECTORS
A summary of the properties of various types of detectors used is
given in table 2.2.
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Table 2.2: Properties of gamma-ray detectors
Type Eff Resolution Peak/Compton Time Resolution
fwhm (keV) Ratio fwhm (ns)
lithium drifted Ge cx U
Ge(Li) 90cc 17% 2.2 47 5 ns
true coaxial
planar hyperpure Ge .6 C ~ d 3 ns
LEPS 25 mm x 10 mm
n-type hyperpure Ge 22% 1.9° 57 4 ns
gamma-X GMX 102 cc
a) for a 1333 keV gamma-ray
b) for an 800 keV gamma-ray
c) for a 122 keV gamma-ray
d) for a 200 keV gamma-ray
Typical relative efficiencies for the Ge detectors are shown in 
figure 2.4. At low energies the efficiency of the gamma-X detector is 
comparable to that of the planar detector because of the closed-end 
coaxial geometry, combined with the use of thin Be windows and ion 
implanted contacts. These features (as well as the larger volume) 
also improve the peak-to-Compton ratios compared with the Ge(Li) 
detector. Despite the similarity in efficiencies, the planar detector 
is more suitable for measurements of low energy gamim-rays since its
A
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efficiency for detection of gamma-rays above 400 keV is small. Thus 
the Compton background caused by these gamma-rays is comparatively 
less. In some of the experiments the detection efficiencies were 
modified by the introduction of graded absorbers to remove the 
contribution from X-rays produced as the heavy ions traverse the 
target. The T1 X-rays (70/73 keV) are attenuated by 95% by the use of 
1mm thick absorbers of Cd and Cu, while a 200 keV gamma ray is 
attenuated by only 20%. Cu is used behind the Cd to absorb Cd X-rays. 
In all experiments the efficiency calibration was determined using 
radioactive sources ( Eu, Ba, Sb) mounted at the target 
position. The energy calibration was determined by simultaneous 
measurement of source and in-beam gamma-rays.
2.4.1 Compton Suppression
The spectrum resulting from a mono-energetic gamma ray incident 
on the Ge detector consists of a photopeak, and a Compton continuum 
caused by gamma-rays which Compton scatter in the detector material 
and escape from the crystal. The fraction of events in the photopeak 
depends on the crystal size and gamma-ray energy. For the gamma-X 
detectors the peak-to-total ratio (P/T) for an incident 600 keV 
gamma-ray is approximately 40%. Since, in general, the Compton events 
cannot be ascribed to a particular incident gamma-ray, they provide no 
useful information. In gamma-gamma coincidence measurements the 
contribution from Compton events is compounded, and for two detectors 
(each with P/T = 40%) the ratio of peak-peak events to the total is 
only 16%. This means that 84% of the data recorded are of no value, 
and in the present work Compton suppression was provided by using 
large Nal(Tl) crystals (20 cm long by 23 cm diameter) with an offset 
side well for the Ge detector. The application of these suppressors
18
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Figure 2.4: Efficiencies for various Ge detectors.
Typical relative efficiency curves for a planar Ge detector-- , a
Ge(Li) detector------, and a hyperpure n-type Ge detector are
shown.
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to the study of gamma-rays from (HI,xn) reactions has been discussed 
by Dracoulis [Dra81] and Aarts et al. [Aar80]. The effect of the 
Compton suppressed spectrometer (CSS) is illustrated in figure 2.5. 
The improvement in spectrum quality occurs not only because of the 
active shield, but also because of the shielding and collimation by 
the suppression shield materials. The 596 keV, 693 keV, and 835 keV 
peaks from neutron excitation of the Ge detector, are less prominent
19
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in the unsuppressed spectrum where they are masked by the Compton 
continuum.
(a) bare Ge detector
Compton suppressed Ge detector
600
energy (keV)
Figure 2.5: Effect of Compton suppression.
The upper spectrum shows a singles spectrum from the reaction 
203 13Tl(iJC,5n) obtained in a bare hyperpure Ge detector. The lower 
spectrum was obtained with the same detector using a Compton 
suppression shield. The curves have been normalised to the 
intensity of the 800 keV peak.
2.5 ANGULAR DISTRIBUTION MEASUREMENTS
The heavy ion reaction produces a compound nucleus with a large 
angular momentum, of which a large fraction is obtained from the
20
orbital angular momentum perpendicular to the projectile direction. 
Thus, most of the population of a state is in substates near n>= 0 and 
the alignment of the nucleus is high. Neither the randomly emitted 
neutrons nor the statistical gamma-rays significantly reduce the 
degree of alignment, and alignments up to 90% of the maximum (all 
population in the rr\ = 0 substate) have been observed [Thi72]. Angular 
distributions can thus be measured with reference to the beam axis and 
are usually parametrized in the form
W(0) = 1 + 2 A a ± P^ (cosO)
i
even
where are the directional distribution coefficients for complete 
alignment, CL are the attenuation coefficients and are Legendre
polynomials. The A^ are functions of the character of the radiation 
emitted and the spin of the initial and final states. Values of these 
functions are given by Yamazaki [Yam67], and der Mateosian and Sunyar 
[Mat74]. If the gamma decay occurs by stretched transitions (where 
the spin change (AJ) equals the multipolarity of the transitions) the 
\fcxW. £\v. is maintained along the cascade so that transitions of the 
same character and AJ, will display the same angular distribution. 
The present measurements are complicated by the existence of long 
lived states in the decay scheme which delay the de-excitation of the 
nucleus so that the initial alignment may be perturbed by coupling to 
extranuclear fields [Rec83]. The effect of this coupling may be seen
by comparing the angular distributions of two similar transitions,
213 212both assigned as stretched E3 transitions, in Fr and Fr. The
21 3910 keV gamma-ray in Fr de-excites an isomeric state with a 
mean-life of 19 ns and has an observed a£ coefficient of .46(3). In
21
contrast the 588 keV gamma-ray, produced from a 450 ns isomer of 
similar excitation energy and spin, has an a2 value of .28.
Angular distribution measurements were performed with a gamma-X 
detector and in a separate experiment with a hyperpure planar 
detector. The remote dumping of the beam (sect. 2.2) meant that the 
Compton suppression shield could not be used and that the angular 
range was restricted to 25-90°. The intensities of the gamma-rays 
were obtained by fitting standard experimental line shapes to the 
data. The line shapes were specified as gaussian peaks with 
exponential tails [Hel80], and the line shape parameters were obtained 
by fitting isolated lines in source spectra as a function of gamma-ray 
energy. (These spectra were measured, using radioactive sources at 
the target position, for every detector configuration used.) The 
counts at each angle were normalized to the intensities of lines, in 
the nucleus of interest, observed in a fixed detector. Dead times in 
both the fixed and movable detector were measured by comparing the 
number of signals presented to the computer to the number actually 
recorded. The extracted areas were fitted to the function
W(0) = a (1 + a P (cos0) + a P (cos0))U 2 2 4 4
The ag coefficient was then used to give the gamma-ray intensity from
I = an/e Y 0
where £ is the relative efficiency, as a function of energy, for the 
gamma-ray detector.
2.6 CONVERSION COEFFICIENT MEASUREMENTS
The conversion coefficient a gives the ratio of electron
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conversion to gamma-ray emission. Figure 2.6 shows the calculated 
conversion coefficients for the Fr nuclei (Z = 87) as a function of 
transition energy [Ros78]. The ratio of the oi^  and coefficients 
also may be used to determine the character of the radiation and these 
are shown, as a function of energy, in figure 2.7.
Conversion coefficients were measured using a cooled Si(Li) 
detector, at 125° to the beam axis. The detector was shielded from 
gamma-rays and 6-rays (low energy electrons produced as the ions slow 
down in the target), by the use of a Mini-Orange spectrometer [Ish75]. 
The gamma-rays were detected simultaneously at 55° in a Compton 
suppressed Ge(Li) detector.
In order to identify and remove activity lines a chopped beam was 
used. The duty cycle chosen, 1 ms on/1 ms off, was long compared with 
the decay times within the nucleus of interest (a few ys), but short 
compared to the decay time of the ground states (a few minutes) , so 
that the relative intensity of the activity gamma-rays in the 
out-of-beam period was the same as that in-beam. In-beam and 
out-of-beam spectra were formed by routing the data according to a 
pulse train, derived from the chopper oscillator, which mimicked the 
beam pulses. The routing was done after processing in the 
analogue-to-digital converter, so that the two spectra had identical 
gains, relative efficiencies and line shape parameters.
The detectors were calibrated using thin radioactive sources and
1S? on7by fitting activity data. The sources used, ( Eu, Bi, and 
l~^Cs), produce both electrons and gamma-rays so that calibrations of 
the Ge(Li) detector and the electron detector are obtained 
simultaneously, and in an arrangement close to the in-beam situation. 
Line shape parameters were obtained by fitting the peak shapes to 
isolated lines in the source, in-beam, and out-of-beam spectra. The
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Figure 2.6: Conversion coefficients for Z = 87.
The conversion coefficients for the Fr (Z = 87) nuclei are plotted 
as a function of transition energy. The total conversion and K 
conversion coefficients for the most common multipolarities (Ml, 
El, E2, E3) are shown. (From calculations by Rosel et al. 
[Rös78].)
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Figure 2.7:
The curves show the ratio of the a 
for different mulitpolarities from the calculations of Rösel et 
al. [Ros76]. The data points are from the present measurements 
for the Fr nuclei. (See chapters 3, 4, 5 for details.)
line shapes are sensitive to the energy loss of the electrons in the 
target, and the radioactive sources were covered with Au foil to 
reproduce this straggling. The line shapes from activity lines are a 
closer approximation to the in-beam situation, since the radioactive 
nuclei are interspersed throughout the target. Additional shape 
parameters were obtained from out-of-beam spectra from an experiment
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197 12 205using the Au( C,5n) At reaction where isolated lines, below an
90S11 ]is isomer, in  ^ JAt were observed [Dav84]. This experiment was 
performed using the same experimental arrangement and because of the 
similar beam and target, the effect of target thickness was very 
similar to that for the Fr systems.
Figure 2.8 shows the combined efficiency for the two detectors so
that
N
01 = e fT Y
where £ is the efficiency, and Ng and are the electron and
gamma-ray intensities respectively. This efficiency was obtained by 
measuring known conversion coefficients. However, conversion
coefficients from different nuclei cannot be compared directly because 
of the differences in the electron energies compared to the gamma-ray 
energies. Even different conversion coefficients (ct^., ct^ , ...) for 
the same transition cannot be compared directly since the binding 
energy is also dependent on the atomic shell. In order to use all the 
data for the determination of the calibration curve, the data were
adjusted, using the relative efficiency of the Ge detector and the 
binding energies, to produce a general curve which would have been 
obtained if the electron and gamma-ray were emitted at the same
energy. This curve is given in figure 2.8. Curves applicable to the 
measurement of a specific conversion coefficient are then obtained by 
adjusting this curve, using the appropriate binding energy. The curve
used for the extraction of coefficients is also shown in figure
2.8. The large binding energy of the K shell in Fr (101 keV) results 
in a large correction to the general curve.
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Figure 2.8: Efficiency curve for conversion measurements.
The solid curve is the combined efficiency curve for the electron 
and gamma-ray detectors, for the situation of equal electron and 
gamma-ray energies. The dotted curve shows the efficiency curve 
appropriate to measurement of the K conversion line. The shift is 
due to the 101 keV difference in the electron and gamma-ray 
energies.
2.7 GAMMA-GAMMA COINCIDENCE MEASUREMENTS
Coincidence experiments using two Compton suppressed Ge(Li) 
detectors were performed for the three Fr nuclei. The use of 
suppressed detectors produced coincidence spectra of very high
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quality. The detectors were situated near +90° and -90° to the beam 
axis and each detector subtended a solid angle of 90 msr. This 
geometry was chosen to maximise the coincidence efficiency of the 
system, given the constraint of the remote dumping of the beam, 
however it does result in a distortion of the observed intensities due 
to correlation effects [Kra73]. Conventional fast/slow electronic 
techniques were used with a veto applied to the slow side if a 
coincidence occurred, within a time interval of 200 ns, between the 
Ge(Li) detector and its anti-Compton shield (see appendix 1).
The gains of the two detectors were carefully matched to 
facilitate data analysis. The data, which consisted of the energy 
signal from each detector and the time between detection of the 
gamma-rays, were recorded, event-by-event, on magnetic tape. 
Typically 10^ Compton suppressed events were recorded for each 
reaction studied.
The data were analysed off-line by setting a digital gate for 
every observable gamma-ray in one detector and projecting out the 
gamma-rays observed in the other detector. The matched gains of the 
detectors meant that both projections (gating detector 1, projecting 
detector 2 or gating detector 2, projecting detector 1), could be 
summed together. The background under each peak from Compton and 
quasi-continuum gamma-ray events was removed by setting a gate on a 
featureless region in the spectrum close to the peak of interest.
In these experiments the term ’coincidence* refers to a 
non-random time relationship between the signals, and not only to 
events which occur within a time interval smaller than the resolving 
time of the system. Events can thus be in 'early', 'prompt' or 'late' 
coincidence depending on the time ordering of the two signals. A time 
range of 2 ys was used for the Time-to-Amplitude Converter (TAC), and
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the time delay of the signals was adjusted so that all events which 
occurred within a time interval of ±1 ys were recorded. The 
relatively long time range was chosen because of the presence of 
isomers in these nuclei, and mean-lives varying from 3 ns-730 ns were 
observed in these data. By setting gates on the time spectrum in 
addition to the energy spectrum, gamma-rays which occur earlier or 
later than the gated gamma-ray may be determined. This technique 
allows one to "see through" an isomer.
Projected spectra from gates set on unresolved lines are often 
difficult to interpret and in order to improve the quality of the 
projected spectra in these cases line shapes were fitted to the 
overlapping lines in the totalised coincidence spectrum. Several 
gates were then set on the peaks and the data projected. The fitted 
data give the fraction of each line in each gate so that the 
coincidence spectrum for the line of interest can be reconstructed 
from a suitable linear combination of the projected spectra. Some 
examples of this technique are shown in chapter 4, figure 4.9.
Coincidence experiments were also performed using a Ge(Li) 
detector and a hyperpure planar detector. In the same experiments 
coincidences were recorded between each of the gamma-ray detectors and 
neutrons detected in a NE213 liquid scintillator. Neutron 
identification was obtained by pulse shape discrimination. The 
n-gamma data were used to extract lifetime information since the short 
time scale of neutron emission («10 ^  s) means the neutrons may be 
used to signal the time of decay of the compound nucleus.
2.8 TIMING MEASUREMENTS
2.8.1 Fast Timing Measurements
A pulsed beam, with pulses of about 1 ns full width half maximum
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(fwhm) and 108 ns separation, was obtained using the 14UD room 
temperature bunching system. Initial tuning of the pulsing system was 
performed using a particle detector viewing a Ta foil, mounted in the 
beam, upstream of the target. This was removed during the experiment 
and the pulsed beam was monitored using an NE213 liquid scintillator 
to detect evaporated neutrons from the target. A Compton suppressed 
Ge detector and a planar detector were used at angles of 55° and 125° 
respectively to minimise correlation effects. Timing in the gamma-X 
detector was improved by rejection of slow rise time pulses at the 
constant fraction stage. This distorted the relative efficiency curve 
of the detector, particularly for gamma-ray energies less than 200 keV 
and in order to ensure that the calibration spectra reproduced the 
in-beam situation, the energy signals were gated, with the signal from 
the constant fraction stage during the collection of the source 
spectra (see appendix 1). The Compton suppressed and planar detectors 
provided start signals to a common TAC, and the stop signal was 
derived from the master oscillator used to control the bunching 
components. The two energy signals and the corresponding TAC signal 
were written, event-by-event, on to magnetic tape. The time spectra 
for all gamma-rays of interest, from either the Compton suppressed or 
planar detector, were generated by off-line projection. The TAC was 
calibrated using an Ortec 462 TAC Calibrator [Ort462] which produced 
pulses with a separation 10 ns and precision 10 ps. The dispersion 
used for the time spectra was 0.15 ns/channel. Typical widths of 
prompt components for individual lines were 4 ns FWHM for an 800 keV 
transition in the Compton suppressed HPGe detector, and 3 ns FWHM for 
a 182 keV transition in the planar detector.
The time spectra were analysed by fitting a linear combination of 
exponential functions to the data. The exact form of this sum depends
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on the feeding from higher levels. For very short isomers, a prompt 
response function was convoluted with the decay curve and the data 
fitted including the prompt response curve (see appendix 2). The 
prompt response function was obtained by fitting a gaussian line shape 
to a prompt line (e.g. a line from Coulomb excitation of the target) 
of approximately the same energy as the gamma-ray displaying the 
lifetime. However, for most of the decay curves the mean-lives could 
be extracted by fitting data sufficiently far away from the prompt 
peak that the curves were not distorted by the prompt contribution. 
The apparent lifetime of the prompt peak < 1-2 ns (depending on the 
energy) gives a lower limit on the observable lifetimes determined 
from these data. Figure 2.9 shows the time spectra for the 233 keV 
and 174 keV transitions ^^Fr. The 3 ns mean-life is clearly 
identifiable.
2.8.2 Chopped Beam Timing
A timing experiment using a beam chopper immediately after the
ion source for the 14UD accelerator, which produced a beam burst of
300 ns duration followed by an interval of 6 ys, was carried out using 
1 7 70Sa C beam on a T1 target. Time and energy information for a 
single Compton suppressed Ge detector placed at 125° to the beam axis 
were written on to magnetic tape. The TAC stop signal was derived 
from the master oscillator controlling the chopper and the TAC range 
was 4 ys with a dispersion of 3.44 ns/channel. The data were analysed 
in the same manner as the fast timing data. Figure 2.10 shows a fit 
to the time spectrum for the 612 keV transition de-exciting the 15 
isomeric state in 1 Fr. The change in slope of the curve at short 
times is due to the delay in the feeding of the 15 isomer introduced 
by the higher-lying 450 ns isomer.
31
F pulsed be<
t  • 3ns
time (ns)
Figure 2.9: Lifetime of the 21/2 state in ^^Fr. The TAC spectra
from a planar Ge detector for the 233 keV and 174 keV transitions
O 1 1in Fr are shown. The 233 keV data have been fitted with a 
single exponential convoluted with a gaussian prompt response 
function which has the same width as the 174 keV time peak. The 
measured mean-life is 3.0(3) ns.
2.8.3 Timing Data from the g-Factor Experiment
The g-factor experiment, which is described below, also provided 
timing data. The modulation caused by the nuclear precession can be 
removed by summing the spectra from the two detectors. An example of 
a decay curve, for the first excited to ground state transition in 
^l^Fr, is shown in figure 2.11. The partial level scheme given in the 
figure shows three long lived states with mean-lives 350, 720 and 
26 ns. The curve shows the decay function for the 1189 keV 
transition. The long tail is mainly due to the feeding through the
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beam profile
-  . 2 1 2Figure 2.10: Decay curve for the 15 state in Fr.
The decay curve for the 612 keV transition, which directly 
de-excites the 15_ state, was obtained in the chopped beam 
experiment. At long times the slope of the curve is determined 
mostly by the 870 ns mean-life of the 15 state. At times within 
1 ps after the end of the beam burst there is a slight reduction 
in intensity due to feeding from a 450 ns state above the 15 
state. The solid line is a fit to the data including this feeding 
contribution.
720 ns state. The reduction in intensity around 200 ns away from the 
beam burst (1-2 ns wide) ig due to trapping of the population by the 
350 ns and 720 ns states. As time increases population delayed by the 
350 ns state decays into the 720 ns state, and since this lifetime is 
longer, the population initially increases before eventually decaying 
away. The increase in intensity at short times (< 100 ns) is due to 
direct feeding of the 26 ns state. These three mean-lives were also
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obtained by projection of the gamma-gamma coincidence data. These 
data give decay curves containing only a single mean-life and are 
shown in figure 3.7.
pulsed beam- Y1189 keV
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213Figure 2.11: Decay curve for the 1189 keV transition in Fr. The
data shown w ^ t  obtained from the g-factor measurents and the 
spectra from the two detector orientations were summed to remove 
the modulation due to the precession of the alignment. A pulsed 
beam of 1-2 ns and separation 2160 ns was used and the 
discontinuity of the curve close to the prompt peak is due to the 
use of a veto. The shape of the curve is discussed in the text.
2.9 g-FACTOR MEASUREMENTS
The magnetic moments of the states were measured using the time 
differential perturbed angular distribution technique (TDPAD) [Rec74a, 
Bod75, Mor76]. An external magnetic field is applied perpendicular to 
the plane containing the detectors and the beam axis, and the nuclei 
are caused to precess about the field direction. As a result, the
34
radiation pattern also rotates producing a modulation of intensity as 
a function of time in a fixed detector. The relative orientations and 
direction of rotation of the spin vector are shown in figure 2.12.
beam axis
field direction
Figure 2.12: Geometry of the magnetic moment measurement.
The direction of precession shown is that for a positive g-factor.
If the magnetic moment of a long lived isomer is to be measured 
using this technique, sufficient nuclear alignment must be maintained 
to produce the modulation of the time spectrum at long times. At room 
temperature, thallium exists as a hexagonal close packed lattice which 
is unsuitable for DPAD measurements because of large electric 
quadrupole field gradients, which rapidly reduce the observed 
anisotropy. A phase change to a face centred cubic allotrope occurs 
when the metal is heated above 226 °C (m.p. 304 °C). This crystalline 
structure has a zero quadrupole field gradient at lattice sites, and
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in addition, the higher temperature (near the melting point) means a 
higher defect mobility, so that continuous annealing of the target 
takes place and the fields caused by radiation damage are also reduced 
[Rec83]. This environment has been utilised in several studies for 
the measurement of g-factors [Bee77, Rie76, Hub82],
The thick natural thallium target (covered by a 
thin sheet of mica) was maintained at a temperature of 280 °C during 
the experiment. The magnetic field at the target was 2.41 T with a 
homogeneity of 99.95% over the target volume. Field stability during 
the run was monitored with a Hall probe mounted at the edge of the 
target chamber. The field was measured at the target position 
immediately after the run with a calibrated Hall probe. Further 
details are given in Appendix 3. Two gamma-X detectors were used at 
±135° to the beam direction. A pulsed beam with pulses of width 
1-2 ns and 2160 ns separation was used, with a time signal, derived 
from the bunching system, providing the stop signal to the TAC. A 
time range of 2 ys was used with a dispersion of 0.739 ns/channel. 
The energy and time signals were recorded event-by-event on magnetic 
tape for later off-line analysis. To reduce the amount of unnecessary 
data collected on tape, prompt events were excluded by vetoing the 
timing signals before presentation to the TAC. This veto removed 
signals which occurred 50 ns after the beam burst and it was removed 
periodically so that the position of the prompt peak could be 
determined. (The width of the veto was also varied in the experiment 
(to 20 ns) so that modulation for short lived states could be 
observed.) Time spectra were projected for each detector in a similar 
manner to the fast timing experiments, and the ratio function R(t)
formed where
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Y+ (t) - Y_(t)
R(t) = Y+ (t) + Y_(t) *
where Y+ (t) and Y_(t) are the intensities in the +135° and -135° 
detectors respectively.
In the simple case of a single isomer and a negligible a^ 
coefficient (sect. 2.5) this function has the form
3a2R(t) = 7— 7--- (cos (2(0 - cat)))4 + a2
where ca, the Larmor precession frequency is related to the g-factor by
oa gyB" ^ T
- TST"'
where y is the nuclear magneton (y = .505038 x 10 Am ). The 
period of oscillation, T, is related to the Larmor frequency by
co =  tt/ T
In the more general case the modulation is sensitive to the feeding
from higher levels which exhibit different lifetimes and g-factors.
These data were fitted, using a least squares program, to a function
of similar form to that given by Häusser [Häu76a].
An example of a fitted ratio spectrum is given in figure 2.13.
■ ? 1 3The 681 keV transition de-excites the 29/2 isomer in Fr and since 
the mean-lives of the states feeding the 29/2+ state are very short 
these data are well fitted by a single cosine function. The g-factor
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determined from the frequency of the modulation and the measured field 
is g(29/2+) = 1.041(10) and this value compares well with the precise 
value g(29/2+) = 1.0383(8) obtained by Häusser et al. [Hau76].
681 keV
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Figure 2.13: Ratio spectrum for the 681 keV transition. This
spectrum shows the ratio spectrum for the 681 keV transition 
which de-excites the 29/2+ state in ^^Fr. The g-factor 
determined from these data is g = 1.05(1) and the results of a fit 
to the data is shown by the solid curve.
Figure 2.14 shows the ratio spectrum for the 450 and 800 keV
transitions which both show the g-factor of the 210 ns 29/2+ state in 
211 Fr. The difference in phase occurs because the 450 keV transition 
has a negative a2 coefficient, while the 800 keV gamma-ray is an E2 
transition. Further details are given in chapter 5.
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Et = 8 0 0  keV
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time (ns)
Figure 2.14: Ratio spectra for the 29/2+ state in 2^Fr.
The 430 and 800 keV transitions both de-excite the 210 ns 29/2+ 
21 1state in Fr. The g-factor for this state determined from these 
data is g(29/2+ ,211Fr) = 1.06(1).
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CHAPTER 3
EXPERIMENTAL RESULTS 2g7Fr126
3.1 INTRODUCTION
This chapter presents the results from the experimental
O I ”3measurements for Fr. The measurements made are summarized in table
3.1 and further experimental details may be found in chapter 2.
213The assignment of states to Fr is discussed in section 3.2 and 
the spin and parity assignments made to these levels are then 
discussed in section 3.A.
213The gamma-ray spectroscopy of the Fr nucleus (N = 126, Z = 87)
has previously been investigated as part of studies of the N = 126
isotones [Mai71, Hor79]. The g-factors for the long lived states have
also been measured [Rec74, Hau76, Bee77]. The results presented here
confirm the previous work and extend the level scheme up to an
excitation energy of 8 MeV and to a spin greater than 55/2.
Figure 3.1 shows the gamma-ray spectrum obtained with a Compton
205suppressed Ge(Li) detector during bombardment of a T1 target with a 
1 287 MeV C beam. Figure 3.1(b) shows the electron spectrum, obtained
with the Si(Li) detector, recorded at the same time. In both spectra
213the transitions assigned to Fr are indicated.
213The assignment of transitions to Fr made in previous studies 
are confirmed in the present work on the basis of excitation functions 
and coincidences with the characteristic Fr X-rays. The gamma-gamma 
coincidence relationships then allowed further transitions in Fr to 
be identified. A projection of the gamma-gamma coincidence data, with
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21 2Table 3.1: Measurements for Fr
Measurement Reaction Energy (MeV)
gamma-gamma coincidences
i) two Compton suppressed Ge(Li) 
detectors
ii) Ge(Li) and planar Ge detectors3 
gamma-neutron coincidences x-n 
i) Ge(Li) and NE213a 
ii) planar Ge and NE213a 
gamma-ray angular distributions 
i) hyperpure Ge detector 
ii) planar Ge detector 
conversion electron measurements 
timing measurements
all
205T1(13C)5n)213Fr
/
i) chopped beam 300 ns/6 ys 205T1(12c>4n)213Fr 87
ii) pulsed beam 1 ns/108 ns natTl(12C,4n)213Fr *
g factor measurements natTl(12C,4n)213Fr *
* thick target 
same bombardment
digital gates set on the gamma-rays below an isomer, in conjunction
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I 205T ! f t , 5n f V r  (o) if-rays
793 .
Ge(n.n')
( b) electrons
222(l)
228IU  
2661) ,!
2801)1; I
‘ _ 816 9 I0| 929  |
7 5 0
energy (keV)
Figure 3.1: (a) The singles gamma-ray spectrum, from a Compton
suppressed Ge(Li) detector at 55° to the beam axis, taken during
on s 13bombardment of a T1 target with an 87 MeV C beam. The
213gamma-rays assigned to Fr are indicated and gamma-rays from the 
2D3 13 9 1 2Tl( C,6n) Fr reaction are marked •. The tailing on the low 
energy side of the peaks is due to neutron damage of the detector. 
The remaining experiments used less damaged detectors in which the 
tailing was not significant.
(b) The singles spectrum from a Si(Li) detector obtained at the
213same time. The electron lines for transitions in Fr are 
indicated. The energy scale is appropriate for K conversion in 
Fr.
with an early coincidence requirement on the TAC signal (see chapter 
2), will show all the gamma-rays which feed the isomer. Figure 3.2 
shows the sum of such early projections for the 681, 266, 179, 222, 
and 1189 keV gamma-rays, which are the strong transitions which follow
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213isomers in the low lying region of the Fr level scheme. The
213gamma-rays assigned to Fr are evident in this spectrum.
Early projection
179, 222. 266, 681, 1189
5000
x-rays
luicn.
Late projection 
228, 427, 890 , 910
4000
Fr x-rays
9 800
energy (keV)
Figure 3.2: The upper part of the figure shows the sum of the early
XL'Lprojections for the 681 , 266, * 179 and 1189 keV transitions.
O 1 oTransitions assigned to Fr are indicated. The lower part of
the figure shows the sum of the late projections for the 228, 427,
890 and 910 keV transitions. The 681, 266, 179, 222 and 1189 keV
lines are evidently the only strong transitions which de-excite
213the low lying states in Fr.
A related projection with a late coincidence requirement on the
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TAC signal will show all gamma-rays which de-excite states below 
isomeric levels lower in the level scheme than the gating gamma-rays. 
Figure 3.2 shows the sum of late projections for gates set on the 890, 
2Z8, 427 and 910 keV transitions (all these gamma-rays de-excite
states above the 2538 keV state). All of the gamma-rays in this
been
spectrum have already assigned to the decay of the isomers at 2538 keV
'S
and 1590 keV.
3.2 213Fr LEVEL SCHEME
213The placement of the gamma-rays assigned to Fr and the 
gamma-ray intensities, obtained from the angular distribution 
measurements, are given in table 3.2. The level scheme deduced from 
the present work is shown in figure 3.3 and all assignments will be 
discussed below.
3.2.1 States Below the 350 ns state at 2538 keV
The states at 2538, 1856, 1590, 1411 and 1189 keV were initially 
213assigned to Fr by Maier et al. [Mai71] and Hausser et al. [Hau76]. 
The present work establishes the mean-life of the 1411 keV state for 
which only a limit had previously been given [Hau76]. Its mean-life 
was determined in the present work by projection on to the time axis 
in the gamma-gamma coincidence measurements. Figure 3.4 shows the 
26 ns decay of the time spectrum obtained by setting digital gates on 
the 1189 keV and 222 keV transitions in the start detector and on the 
179 keV transition in the stop detector. For comparison, the time
spectrum obtained by starting with the 1189 keV transition and 
stopping with the 222 keV transition, which will reflect the lifetime 
of the 1189 keV state, is also shown in figure 3.4. Its mean-life is 
less than 3 ns and this curve indicates the prompt response function 
for the experiment. A similar limit was obtained for the 1856 keV
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Table 3.2: Energies and placement of gammas and angular
distributions for _
Energy Intensity 
a b a2 a4
Initial Final
94.4(2)C 4(1) .09(26) 4992.6 4898.3
60.3(3)f u
111 .3(2)d 15(1)
13(1)
.17(13)
.35(15)
8084.7 7973.4
142.3(3)d 61(3)
42(4)
.04(10)
.22(7)
-.16(14)
-.20(10)
6714.6 6572.6
179.4( 1 )d 470(2)
440(40)
.073(8)
.16(1)
-.01(1)
.00(3)
1590.4 1411.0
182.5(3)d 13(2)
10(1)
-.007(272)
-.23(20)
(7809 7627)
203(1)f (2740.2 2537.6)
210.3(3)e 30(1) .29(79) -.05(11) 2950.5 2740.2
222.2(1)6 678(4)
625(60)
.08(1)
.17(2)
.00(2)
.01(2)
1411 .0 1188.8
228.1(2) 629(9)
433(40)
.22(3)
.26(6)
-.02(4)
-.09(8)
3655.4 3427.3
253.7(3)d 67(2)
50(5)
.04(6) u
265.9(1) 539(3)
539
-.11(1)
-.09(2)
.03(1)
.01(3)
1856.3 1590.4
279.5(2)d 121(2)
88(4)
.19(2)
.23(4)
-.03(3)
.01(7)
5785.7 5505.6
294.4(3) 6(1) -.16(24) u
308.3(3)d 13(1) -.24(17) -.08(23) 6572.6 6263.4
316.7(2) 55(8)
39(2)
-.78(3)
-.81(11)
.06(4) 6102.2 5785.4
321.8(5)
326.8(3)d 72(2)
46(3)
-.11(4)
-.09(10)
-.02(6) 5001.7 4674.9
349.5(3)d 90(2) -.41(3) -.05(5) (7627 7277.9)
371.2(2)d 36(1) .03(6) .04(8) (8181 7809)
382.7(3) 48(2) .13(6) .05(8) 5384.4 5001.7
412.9(2)d 229(5) -.16(3) .08(5) 2950.5 2537.6
427.5(1) 340(3) -.32(2) .01(2) 4082.9 3655.4
469.7(4)f (6572.6 6102.2)
478.0(4)f (6263.4 5785.7)
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Energy Intensity 
a b a2 a4
Initial Final
476.9(2) 180(2) -.21(2) .05(2) 3427.3 2950.5
538.0(4)f u
539.6(3)d 46(2) -.47(6) 3490.1 2950.5
563.3(3)d 83(2) -.47(6) .23(10) 7277.9 6714.6
592.4(3)d 38(2) -.53(4) 4674.9 4082.9
594.9(4)f u
621.9(3) 17(1) .19(14) 6724.1 6102.2
624.2(5)f u
681.3(1) 642(4) .20(1) .02(1) 2537.6 1856.3
739.1 (2)d 23(1) -.33(10) 7463.2 6724.1
757.8(3) 15(1) .26(15) -.15(21) 6263.4 5505.6
786.9(1) 156(2) -.21(2) .02(3) 6572.6 5785.4
793.1(l)d 210(2) -.067(15) .04(2) 5785.4 4992.6
810.1(2) 142(3) .23(2) .03(4) 5505.6 4695.5
815.5(2) 150(30) -.24(2) .09(3) 4898.3 4082.9
883.8(3)d 56(2) .22(6) 2740.2 1856.3
889.7(1) 463(3) .24(1) -.02(2) 3427.3 2537.6
909.7(2) 117(2) .43(3) .06(4) 4992.6 4082.9
929.3(2) 77(2) .46(3) .03(5) 6714.6 5785.4
949.9(2)d 22(2) -.03(13) (6334.3 5384.4)
958.7(2) 25(2) .23(14) u
963.4(5)f u
1040.1(2) 155(3) -.27(3) .04(4) 4695.5 3655.4
1188.8(1) 1000(3) .041(6) -.01(1) 1188.8 0
1258.8(3) 75(2) .15(4) .00(6) 7973.4 6714.6
a) Distributions and intensities obtained using a hyperpure Ge detector.
Intensities normalised to = 1000.
b) Distributions and intensities obtained using a planar Ge detector.
Intensities normalized to I = 539.266
C) corrected for contamination from Rn KD„ X-ray.
n 3
d) Area extracted from a fit to the data where contaminating peaks are 
comparable 1/3) to the peak of interest.
e) Subtraction of contamination from peaks in zFr.
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o  i  -3Figure 3.3: Level scheme for Fr.
The width of the arrows indicates the observed gamma-ray 
intensities. The mean-lives obtained in the present work are 
indicated on the right hand side of the diagram, adjacent to the 
appropriate state. Tentative assignments are indicated by 
parentheses and dashed lines.
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state, so that the time spectrum obtained by setting gates on the 681 
and 266 keV transitions in the stop detector and the 179 , 222 , and 
1189 keV transitions in the start detector exhibits only the 720 ns 
mean-life assigned to the state at 1590 keV. This decay curve is 
shown in figure 3.4. The absence of a prompt peak indicates that 
there are no decay paths which bypass the isomeric state at 1590 keV, 
for example by de-exciting the state at 1856 keV and populating the 
states at 1411 keV or 1189 keV. The ordering of the 266 keV and 
681 keV transitions, which are in cascade below the isomer at 
2538 keV, is confirmed by the observation of a decay path which 
bypasses the 2538 keV state and feeds the 266 keV transition only. 
The energy sum of this path, compared to that in the main cascade, 
eliminates the possibility of an unobserved low energy transition 
decaying from the 2538 keV isomeric state. The time projection of the 
gamma-gamma coincidence data obtained by gating on the 890 and 228 keV 
transitions in the stop detector and the 681 and 266 keV transitions 
in the start detector is shown in figure 3.4. It exhibits the 350 ns 
mean-life of the 2538 keV state.
The mean-lives for the isomeric states may also be obtained by 
projecting time spectra from the n-gamma coincidence, and pulsed beam 
experiments. In these projections the time spectrum for a particular 
gamma-ray depends on the time evolution of the feeding to the state 
which the gamma-ray de-excites. The time spectrum for the 179 keV 
transition obtained by projection of the chopped beam coincidence data 
is shown in figure 3.5. This spectrum shows the decay curve for the 
720 ns isomer and the effect of feeding through the 350 ns isomer at 
2538 keV. The contention that the 179 keV transition directly 
de-excites the isomer at 1590 keV is supported by the absence of a 
prompt component in its decay curve.
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r- r r- rstort 681.266 start 1189.222
stop 2 2 8 .8 9 0 stop 179
T m = 350ns
start 1189,222.179 stort 1189
stop 681.266 stop 222
Tm * 720 ns
400 
time (ns) time (ns)
Figure 3.4: Gamma-gamma time spectra.
The lower left panel shows the gamma-gamma time spectra for the 
1590 keV state obtained by gating on the 1189 , 222 , and 179 keV 
transitions in the start detector and the 266 and 681 keV
transitions in the stop detector and the upper left panel the
gamma-gamma time spectra for the 2538 keV state obtained by gating 
on the 681 and 266 keV transitions in the start detector and the 
228 and 890 keV transitions in the stop detector. The upper right 
panel shows the mean-life of the state at 1411 keV, obtained by 
gating on the 1189 and 222 keV transitions in the start 
detectorand the 179 keV transition in the stop detector. The 
lower right panel shows the spectrum obtained by gating on the
1189 keV transition in the start detector and the 222 keV
transition in the stop detector.
Another example of a complex time spectrum is shown in chapter 2, 
figure 2.10, which shows the time spectrum from the g-factor 
measurement obtained by projecting the time curve for the 1189 keV 
transition. (The decay curves for the two detectors were summed to
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chopped beam - Y
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F i g u r e  3 . 5 :  Time s p e c t r u m  f o r  t h e  179 keV t r a n s i t i o n ,  w h ic h
d e - e x c i t e s  t h e  s t a t e  a t  1590 k e V , o b t a i n e d  i n  t h e  ch opped  beam 
e x p e r i m e n t .  The l o w e r  p a r t  o f  t h e  f i g u r e  shows t h e  t i m e  s p e c t r u m  
f o r  t h e  204 keV l i n e  w h ic h  r e s u l t s  f r o m  Coulomb e x c i t a t i o n  o f  t h e  
204 keV s t a t e  i n  “ ^ T l  ancj i n d i c a t e s  t h e  t i m e  d i s t r i b u t i o n  o f  t h e  
beam b u r s t .  The a b s e n c e  o f  t h e  p ro m pt  com ponen t  i n  t h e  s p e c t r u m  
f o r  t h e  179 keV l i n e  i n d i c a t e s  t h a t  i t  d i r e c t l y  d e - e x c i t e s  t h e  
i s o m e r .
remove t h e  m o d u l a t i o n  c a u s e d  by t h e  p r e c e s s i o n  o f  t h e  r a d i a t i o n  
p a t t e r n . )  The d e c a y  c u r v e  shows t h e  e f f e c t  o f  t h e  f e e d i n g  o f  t h e  
1189 keV s t a t e  t h r o u g h  t h e  350 ns  s t a t e  a t  2538 keV,  t h e  730 ns  s t a t e  
a t  1590 keV and t h e  26 n s  s t a t e  a t  1411 keV.
3 . 2 . 2  S t a t e s  Below t h e  19 ns  S t a t e  a t  4993 keV
The s t a t e s  a t  2 9 5 0 ,  3427 , 3 6 5 5 ,  4 0 8 3 ,  4 8 9 8 ,  and 4993 keV h a v e  b e e n
p r e v i o u s l y  a s s i g n e d  by Horn e t  a l . [ H o r 7 9 ] .  The i s o m e r i c  n a t u r e  o f
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the state at 3655 keV was identified by Horn et al. who assigned it a
7 ns mean-life. The effect of this isomeric state on the decay curves
for transitions which de-excite lower states may be seen in the time
spectra for the 22.8 and 413 keV transitions, obtained with a pulsed
beam of width 1 ns and separation 108 ns, shown in figure 3.6. The
lifetime of the 3655 keV state determined from these data is
3.5(10) ns. For comparison, the prompt response function is presented
in the projection for the 416 keV transition which arises from Coulomb
205excitation of a short lived (t = 1.3 ps) state in T1 and hence is
only in prompt coincidence with the beam pulse.
The order of the 477-413 keV cascade, which runs parallel to the
890 keV transition is determined by the observation of a weak decay
path to the state at 1856 keV which bypasses the isomeric state at
253$ keV. Two transitions, of energies 210 keV and 884 keV form the
cascade and establish a new state at 2740 keV. The ordering of this
pair of gamma-rays is that suggested by their intensities. A possible
202 keV transition, which would establish the order, is tentatively
assigned as decaying from the state at 2740 keV to the state at
253$ keV. Definite assignment was prevented by the weakness of the
line in the coincidence spectra and the presence of a 204 keV line
20 5produced by Coulomb excitation of the 204 keV state in "Tl a small 
proportion of which may be in true coincidence with gamma-rays 
de-exciting the Fr nucleus.
A state at 3490 keV is assigned on the basis of a 540 keV 
transition feeding into the state at 2950 keV. Although this 
gamma-ray does show coincidences with gamma-rays of energy 280 and 
810 keV, which are assigned at higher excitation energies in the level
scheme, the connecting decay path could not be identified. The
coincidence spectrum for the 540 keV line is complicated by
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Figure 3.6: Time spectra for the 228, 413 and 416 keV transitions
obtained using a planar Ge detector and pulsed beam of width 1 ns 
and separation 108 ns. The 228 and 413 keV projections show the 
3.5(10) ns mean-life of the isomeric state at 3655 keV. The 
416 keV line comes from Coulomb excitation of the target.
contamination from a line at 537 keV from "^Pb, by 537 keV and 
542 keV lines in “^F r  and the 542 keV line in ^^At. The projection 
for the 540 keV transition, shown in figure 3.7, has had most of these 
contaminants removed by subtraction of adjacent projections, according 
to the technique described in section 2.7. Gamma-rays of energy 624 
and 964 keV are seen in coincidence with the 413 keV transition, as
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well as with the 540 keV line and these transitions probably feed the 
state at 3490 keV.
Horn et al. assigned a 94 keV transition connecting the states at 
4993 and 4898 keV. The existence of this gamma-ray is confirmed by 
the data obtained in the gamma-gamma coincidence experiment using the 
planar detector. The projection of the planar detector obtained by 
gating on the 427 keV transition is shown in figure 3.8 and clearly 
shows the 94.6 keV transition. The decay curves for the 910 and 
427 keV transitions which de-excite the 4993 keV state are shown in 
figure 3.9. The mean-life measured here, 19(2) ns, agrees well with 
the value of 19.5 ns given by Horn et al.
A group of gamma-rays in cascade were observed to bypass the 
19 ns isomer at 4993 keV and feed the state at 4083 keV as shown in 
figure 3.3. The ordering within this cascade is based only on the
gamma-ray intensities. As well as the gamma-rays shown in the level 
scheme, the coincidence data (see, for example, the projections for 
the 427 keV and 592 keV lines in figure 3.7) show that gamma-rays of 
energies 60.3, 256, 294.4, 306.8, 322.8, 594.9, and 958.9 keV are also 
associated with this group. Gamma-rays of energy 256, 323, 383 and 
959 keV are also observed in early coincidence (in a time range 
28-95 ns before selected transition) with transitions which decay from 
below the 4993 keV isomer, which indicates a connection to this state. 
However, because of the weak intensity of these lines they could not 
be placed in the level scheme, although their properties are listed in 
table 3.2.
3.2.3 States Below the 9 ns State at 6715 keV 
and the 280, 810, 1040 keV Cascade
The states at 5786 and 6573 keV were the highest energy excited 
states assigned by Horn et al. and these decay by 793 and 787 keV
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Figure 3.7: Gamma-gamma coincidence spectra for the 540, 592 and
427 keV transitions obtained from the projection of two Compton 
suppressed Ge(Li) detectors. The 540 keV transition is assigned
as feeding the 2950 keV state and the 592 keV transition is 
assigned as feeding the 4083 keV state. The 427 keV transition is 
in the main cascade and de-excites the state at 3655 keV. Lines 
from the 1040-810-280 keV cascade are absent in the 427 keV 
spectrum. Contaminant lines from At are indicated by •.
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Figure 3.8: The gamma-gamma coincidence spectrum for the 427 keV
transition obtained in the planar Ge detector. The 94.3 keV 
transition (4993-4898 keV) is indicated.
transitions respectively. The present work has identified another 
strong decay path which bypasses the 19A<)isomer at 4993 keV and extends 
from the state at 5786 keV to the state at 3655 keV. The decay path 
consists of gamma-rays of energy 280, 810 and 1040 keV, and states at 
4695 and 5505 keV are established. The coincidence spectrum for the 
1040 keV transition is shown in figure 3.10 and coincidences with 
gamma-rays assigned above the 19 ns isomer (787, 929 and 563 keV) and 
below the isomer (228, 413, 427 , and 890 keV) are evident. The 
ordering of the 1040, 810 and 280 keV transitions is determined from 
the gamma-ray intensities, the coincidence data and the relative 
excitation functions (see figure 3.11). As can be seen in the 
coincidence spectrum for the 540 keV transition (figure 3.7) only the 
810 keV and 280 keV lines show coincidences with the 540 keV line
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Figure 3.9: The time spectra for the 910, 427, 787 and 793 keV
transitions obtained by projection of the beam-gamma TAC. Beam 
pulses of 1 ns width and 108 ns separation were used. The left 
hand panels show the 9 ns mean-life of the 6715 keV state and the 
right hand panels the 19 ns mean-life of the 4993 keV state. The 
prompt component in the 787 keV projection indicates that this 
transition does not directly de-excite the isomer. The fits to 
the data are represented by the solid lines.
which feeds the state at 2950 keV. The 280 keV transition is fixed at 
the top of the cascade by observation of a decay path from the state 
at 6573 keV. This path establishes a state at 6263 keV. A weak 
478 keV line was observed in the coincidence spectrum for the 308 keV
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line, however the presence of a strong 476.9 keV transition 
(3427 keV-2950 keV) prevents definite assignment of this decay.
In addition to the 787 keV transition observed by Horn et al.,
several new transitions feeding the state at 5786 keV have been
observed in the present work. The coincidence spectra for the 793 and
787 keV transitions are given in figure 3.10. The 793 keV spectrum
shows lines of energy 317 keV and 929 keV which are absent in the
787 keV spectrum. Since the 317 keV line is not in coincidence with
the 929 keV line, they are parallel decay paths and establish states
at 6102 keV and 6715 keV. A branch from the state at 6715 keV to the
state at 6573 keV, by a 142 keV transition, is also assigned and the
placement of the 142 keV transition is verified by the absence of the
line in the coincidence spectrum for the 929 keV transition and its
presence in the spectra for the 787 and 793 keV transitions, as shown
in figure 3.10. The time spectra for the 787 and 793 keV transitions
are given in figure 3.9 and these show the 9 ns mean-life of the state
at 6715 keV. Horn et al. tentatively assigned a 10 ns mean-life to
the state at 6573 keV, however the time spectrum for the 787 keV
transition which de-excites the state shows a prompt component so that
its delayed component must be from a higher lying isomer. In contrast
the time curve for the 929 keV transition, which is assigned as 
£Vo*/\directly decaying A the 6715 keV state, does not show a prompt 
component.
The newly assigned state at 6102 keV is fed by transitions of 
energy 622 and 738 keV, however the weakness of the coincidence data 
for these transitions prevented definite placement in the level 
scheme. A weak 469.7 keV line is also seen in coincidence with the 
317 keV transition and this may be due to a branch from the state at
6573 keV to the state at 6102 keV.
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Figure 3.10: The gamma-gamma projections for the 1040, 793, 787 and
929 keV transitions. These spectra help to establish the states 
populated in the 1040-810-280 keV cascade and states above the 
19 ns isomer at 4993 keV. Contaminant lines are indicated by ■ .
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213Figure 3.11: Relative excitation functions for transitions in Fr
obtained using the ^^Tl( ^ C,5n)^^Fr reaction. The data have 
been normalized to the intensity of the 1189 keV transition and to 
unity at 88 MeV. The error on the curves is indicated on the 
96 MeV data points.
3.2.4 States Above the 9 ns State at 6715 keV
A cascade of four gamma-rays (182, 349, 371 and 563 keV), which all 
show coincidences with gamma-rays below the 9 ns isomer, feed the 
state at 6715 keV. The ordering of these transitions is based on the 
relative excitation functions and the intensities in the coincidence 
and singles measurements, however the ordering of the upper three 
transitions remains tentative.
A second cascade feeds the isomeric state at 6715 keV and two 
transitions of energy 1259 and 111.3 keV were identified. The 
ordering, from the gamma-ray intensities, establishes states at 
7974 keV and 8094 keV.
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In addition to the transitions assigned above the 6715 keV state 
the early coincidence spectra for transitions below the isomers at 
4993 and 6715 keV also show a transition of energy 695 keV. The 
prompt coincidence spectrum for the 563 keV transition also shows a 
line of the same energy and the energy is consistent with a transition 
between the 7973 and 7278 keV states. The weakness of this transition 
and contamination from the Ge(n,n') line prevented definite 
assignment.
3.3 LIFETIMES
213The mean-lives of the states in Fr were obtained from the neutron 
coincidence experiments, the pulsed and chopped beam experiments, the 
gamma-gamma coincidence experiments and the g-factor measurements. 
Time spectra which display the mean-lives of the long lived states 
have already been shown in figures 3.4, 3.5, 3.6 and 3.9 and the 
assignment of the lifetimes to levels in Fr have been discussed 
above. In addition to the measurements for the long lived states, 
limits on the mean-lives were also obtained for most of the states 
assigned to Fr and these are given in table 3.4. Most of the 
limits were obtained from the pulsed beam experiment which, because of 
the short beam burst (%1 ns) and high dispersion (.15 ns/channel), was 
sensitive to short lifetimes. Table 3.4 also gives the strengths of 
the transitions in Weisskopf single particle units (W.u.) for the 
multipolarity assignments made in the present work. The transition 
strength depends on the mean-life of the state, the energy of the 
transition, and the branching from the state. The gamma-ray branching 
ratios, determined from the gamma-ray intensities obtained in the 
angular distribution experiments, and the theoretical total conversion 
coefficient for the assigned character are also given in the table.
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Limits are given for the strengths of the 94 and 910 keV 
transitions which de-excite the 19 ns isomeric state at 4993 keV. The 
uncertainty for these values is due to the contamination of the 94 keV 
transition in the singles spectrum by the Rn X-ray line. Although 
the gamma-ray intensity for the transition given in table 3.2, is 
corrected for the contamination, considerable uncertainty remains. If 
the intensity from the angular distribution measurement is correct the 
strengths for the 94 and 910 keV transitions are 2.1 and 42 W.u. 
respectively. Alternatively the intensity of the 94 keV transition 
may be obtained by assuming that there is no side-feeding to the 
4898 keV state, so that the total intensity for the 94 keV transition 
is the same as the total intensity for the 815 keV transition. With 
this assumption, the strength for the 94 keV transition, assuming a 
pure E2 transition, is 3.1 W.u. and that for the 910 keV transition, 
assuming a pure E3 transition, 34 W.u. The strength for the 910 keV 
transition given by Horn et al. is 27 W.u., although it is not clear 
from that work which intensities were used.
As discussed in section 3.2, the mean-lives measured here for the 
states above the 2538 keV state are in good agreement with those of 
Horn et al. The mean-lives for the states at 2538 and 1590 keV were 
measured by Häusser et al. as 736(30) ns and 343(9) ns respectively 
and are in good agreement with the values of 720(30) ns and 350(30) ns 
measured here. The mean-life of the 1411 keV state, measured here as 
26(1) ns, supersedes the limit of < 80 ns given by Häusser et al.
3.4 SPIN AND PARITY ASSIGNMENTS
213The ground state spin of Fr has been measured as 9/2 using 
atomic beam magnetic resonance [Eks77]. On the basis of the shell 
model, the properties of the ground state are thought to be due to a
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single unpaired proton in the h ^ ^  orbital. The parity of the ground 
state is thus assumed to be negative and the value 9/2 is used as the 
starting point for the spin assignments made in the present work. 
These assignments agree with, and confirm, the previous assignments of 
Maier et al., Häusser et al. and Horn et al. and all assignments are 
discussed below.
The measurements of the angular distributions of the gamma-rays 
and the conversion electron coefficients of the transitions provide 
most of the data for the determination of the spins and parities of 
the states. Two independent angular distribution experiments were 
performed, one using a hyperpure Ge detector, the other a planar Ge 
detector. Typical angular distributions are shown in figure 3.12 and 
the results of both sets of data are presented in table 3.2. For some 
transitions the anisotropy obtained in the two experiments differs by 
more than the experimental error and this is partially attributed to 
the better separation of peaks from contaminant lines in the planar 
detector. Also the experiments were performed with different targets, 
so that the population of the states and relaxation effects may have 
been slightly different in the two bombardments.
The procedure followed in making the assignments is to consider 
all the possible assignments allowed by the angular distribution 
measurements and then reject those inconsistent with the available 
spectroscopic measurements. Since long lived states exist in the Fr 
nuclei, attenuation of the theoretical distribution is to be expected. 
It is assumed, unless evidence indicates otherwise, that because of 
the statistical nature of the heavy ion,xn reaction, decays to states 
of higher spin do not usually occur for transitions which are part of 
the main cascade. (Such transitions can occur for nuclear structure 
reasons and, for example, both J -> J and J -> J+l transitions have
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213Figure 3.12: Typical angular distributions for transitions in Fr
obtained using the hyperpure Ge detector. The data have been 
normalized so that the 90° point equals unity.
2 1 ?been observed in “Rn [Hor79], although only as alternative pathways 
in the main cascade.)
The conversion electron coefficients given in table 3.3 are often 
able to independently reject possible assignments, however mixed 
multipolarities can often reproduce the measured coefficients
depending on the amount of mixing. For mixed transitions the
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conversion electron coefficients, in conjunction with the angular 
distribution measurements, are used to constrain the allowed mixing 
ratio for a particular assignment.
The strength of the transitions, which are given in table 3.4,
are also used to reject possible assignments. Endt [End81] gives 
the recommended upper limit for the strength of E3 transitions for 
A < 150 as 100 W.u. E3 strengths in the lead region have been 
tabulated in appendix 4 and these data show that the recommended upper 
limit of 100 W.u. remains appropriate for the Fr nuclei. The 
recommended upper limit for the M2 transition strength given by Endt 
for the 90 < A < 150 mass region is 1 W.u. The strengths of known 
M2 transitions in the mass region 201 < A < 212 are collected in 
appendix 5, and these indicate that the recommended upper limit,
1 W.u. is also appropriate for the Fr mass region.
Finally, the assigned spins and parities must be consistent with 
the decay properties of the states determined in section 3.2. In 
several cases the available data cannot distinguish between a pure E2 
assignment and a mixed E1/M2 assignment, however if the data are in 
good agreement with a pure E2 transition, the E2 assignment is 
preferred, especially if no crossover transitions are observed.
The state at 1189 keV, which decays by an 1189 keV transition 
lies below several long lived states so that attenuation of the 
angular distribution for the 1189 keV gamma-ray is expected. A small 
positive a2 value of 0.041(6) is obtained from the angular 
distribution measurement. In the g-factor experiment the nuclei decay 
in ah eAoicoAw\fl-i vAWVAa- o^c and the a2 value obtained from 
this experiment, 0.18(1) indicates that the small a2 value in the 
angular distribution measurement is indeed due to attenuation effects. 
The positive a2 coefficient allows the assignment of stretched E3, E2
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Table 3.3: Conversion electron coefficients for 213Fr
Energy Expt Theory Assignment
E * El Ml E2 M2 E3
94 T <40a .125 3.7 13 60 250 E2
142 T < 2.1(6)b .20 5.3 2.0 30 35 E2
179 T .83(18)° .115 2.8 .70 14 10 E2
222 L .16(6) .010 .23 .18 1.5 2.4 E2
M .048(20) .0025 .055 .045 .35 .65
228 L .12(5)d .0092 .21 .15 1.3 1.9 E2
M .067(23) .0022 .05 .04 .32 .50
266 T .76(18)° .046 .92 .185 3.5 1.5 Ml(/E2)
K •45(22)e .037 .78 .095 2.7 .24
L .08(3) .0065 .14 .090 .77 .95
M .020(8) .0016 .033 .023 .1 .26
279 K .06(4)f .032 .66 .080 2.2 .23 E2
317 K •045(40)g .025 .48 .063 1.4 .17 El
383 K .20(7) .016 .28 .044 .80 .17 M1/E2
413 K .047(24)h .013 .23 .037 .65 .094 El
L < .0261 .0023 .04 .017 .14 .125
427 K .28(7) .011 .21 .034 .56 .085 M1/E2
L .051(15) .0022 .038 .015 .135 .10
M .018(5) .0005 .0085 .004 .035 .028
477 K A O .010 .16 .028 .42 .07 El
564 K .105(22 )f .007 .10 .020 .24 .048 M1/E2
L .018(5) .0012 .018 .0065 .055 .034
681 K .046(5) .00 .064 .014 .14 .033 E3
L .018(2) .0008 .011 .004 .03 .016
M .007(1) .0002 .001 .0007 .008 .003
787 K .007(2) .0039 .043 .010 .09 .023 El
Energy
E
Expt
El Ml
Theory
E2 M2
Assignment
E3
793 K .041(7)f .0039 .042 .0105 .09 .023 Ml
L .0097(10) .0006 .0075 .0028 .021 .0092
810 K .0065(35)f .0037 .039 .0098 .085 .0225 E2
815 K .006(3)f .0036 .039 .0097 .085 .0225 El
884 K .015(6) .0033 .032 .0082 .068 .018 E2
890 K .011(2) .0031 .031 .0082 .068 .018 E2
L .002(1) .0005 .0055 .002 .014 .0062
910 K .023(3) .0030 .029 .0078 .065 .0175 E3
L .006(1) .0004 .005 .0019 .013 .0057
929 K .014(8)f .0029 .027 .0075 .060 .017 E3
L .0045(15) .0004 .005 .0019 .013 .0055
1040 K .0017(6) .0023 .020 .0060 .044 .014 El
1189 K .0053(6) .0019 .014 .0048 .032 .0103 E2
L .00097(10) .0003 .0025 .0012 .006 .0025
1258 K .010(2) .0017 .012 .0044 .029 .0095 M1/E2
a) assumes that total intensity’ is the same as the 815 keV transition •
b) assumes that total intensity’ is the same as the 787 keV transition
c) from delayed intensity measurement.
d) activity subtracted from gamma and electron peaks.
e) subtraction of 179 L line assuming E2 assignment.
f) subtraction of activity in electron line.
g) subtraction of 222 M line assuming E2 assignment.
21 2h) subtraction of 410 keV line from Fr.
i) contaminated.
j) no peak identified.
^  T , K., # n  ck~v.cA*. AVa- OC t ^  VC , ^
'-'■'j ■
Tec
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213Table 3.4: Mean-lives, branching ratios and strengths in Fr
Initial
State
Spin Mean-life
ns
Transition
keV
Final
State
Branching 
Ratio (%)
char aT StrengthW.u.
1189 13/2" <3 1189 0 100 E2 .006 > 1.5E33
1411 17/2" 26(1) 222 1189 100 E2 .34 .57(6)
1590 21/2“ 720(30) 179 1411 100 E2 .70 .048(5)
1856 23/2“ <2 266 1590 100 Ml .9 > 4.4E-4
2538 29/2+ 350(30) 681 1856 100 E3 .05 26(4)
2740 27/2“ < 10 884 1856 100 E2 .011 > .002
2950 31/2“ <3 413 2538 90 El .016 > IE-6
210 2740 10 E2 .48 > .8
3427 33/2+ < 3 477 2950 28 El .013 > 2.3E-7
890 2538 72 E2 .01 .004
3655 37 / 2+ 3.5(10) 228 3427 100 E2 .30 3.8(10)
4083 39/2+ < 2 427 3655 100 M1/E2 . 25b >1.6E-4
4675 41/2 < 3 592 4083 100 El .008 >4 E-7
Ml .11 >4 E-5
4695 39/2“ < 3 1040 3655 100 El .0025 > 8E-8
4898 41/2“ < 4 815 4083 100 El .0045 > 1 E-7
4993 45/2“ 19(2) 94 4898 4-10C E2 13 3 - 2
910 4083 90-96C E3 .024 34 - 42
5505 43/2“ <3 810 4695 100 E2 .012 > .01
5786 47/2“ <2 279 5505 37 E2 .15 >1.08
793 4993 73 Ml .060 4 E-4
6573 49/2+ <3 308 6263 8 El .032 > 2 E-7
787 5786 92 El .0045 2 E-7
6715 53/2+ 9(2) 142 6573 40 E2 2.0 4.5(11)
929 5786 60 E3 .023 40(10)
7278 55/2+ <3 564 6715 100 Ml .13 > 6 E-4
7974 55/2+ <5 1259 6715 100 M1/E2 .015 C >3 E-6
a) E n denotes x 10 n.
b) experimental value.
c) see text
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or M2 character, or mixed M1/E2 or E1/M2 character, to be made to the 
1189 keV transition. The measured conversion electron coefficients 
for the 1189 keV transition (aR = .0053(6) and a L = .0010(1)) 
eliminate the pure E3 and M2 assignments, and in conjunction with the 
small a^ value (-.007(8)) the mixed M1/E2 possibility. The present 
work cannot exclude the possibility of a mixed E1/M2 J -> J transition 
with mixing ratio 0.4 < 6 < 0.5. (The sign convention of Yamazaki 
[Yam 61] is used throughout this work.) The distribution and 
conversion electron data are in good agreement with the stretched E2 
assignment made to this transition confirming the spin and parity of 
the state at 1189 keV as 13/2 . The 222 keV transition de-excites the 
26 ns state at 1411. keV. The distributions obtained with either the 
planar or hyperpure Ge detectors are both consistent with an 
attenuated distribution for stretched E3, M2, or E2 or with a mixed 
M1/E2 or E1/M2 assignment. The measured ot^  and conversion electron 
coefficients (a^ = .16(6) and aM = .048(20) agree well with a pure E2 
assignment (a^(E2) = .18, a^(E2) = .045) and eliminate the E3 and M2 
possibilities. (Pure E3 or M2 transitions can also be eliminated on 
the basis of the large transition strengths required.) The measured 
conversion coefficients cannot be reproduced by any M1/E2 mixture 
allowed by the angular distribution and this assignment is also 
excluded. The conversion electron data allow a mixed E1/M2 
transition, however the strength of the M2 component required, 
3.2 W.u., is larger than the strength of M2 transitions in the Pb 
region and this assignment may be rejected. The transition is thus 
assigned unambiguously as a stretched E2 transition and the spin and 
parity of the state at 1411 keV confirmed as 17/2~.
The positive a2 value for the 179 keV transition which de-excites 
the 720 ns isomeric state at 1590 keV, allows a stretched E3, M2 or E2
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or mixed M1/E2 or E1/M2 assignment. The total conversion coefficient 
for the transition, a^ , = .83(12), is inconsistent with a pure E3 or M2 
assignment and the required E3 strength (14000 W.u.) also allows the 
rejection of the E3 assignment. The mixed M1/E2 assignment is 
rejected since the mixing ratios required to reproduce the conversion 
coefficient do not reproduce the observed angular distribution. A 
stretched E2 assignment is made to the 179 keV transition so that the 
1590 keV state has spin and parity 21/2- , although an E1/M2 assignment 
for either a J -> J transition, with .2 < |5| < .4, or a J -> J-l 
transition, with 0.2 < |6| < .3 cannot be rigorously excluded from 
the present data.
The negative a2  coefficient obtained for the 266 keV transition 
(1856 keV-1590 keV) indicates a AJ = 1 transition. The conversion 
electron coefficients are only consistent with a pure Ml or mixed 
M1/E2 transition, leading to a spin and parity of 23/2~ for the 
1856 keV state.
The positive a2  coefficient of .20(1) for the 681 keV transition, 
which de-excites the isomeric state at 2538 keV, allows the assignment 
of stretched E3, E2 or M2 or mixed M1/E2 or E1/M2 character. The 
measured and conversion coefficients eliminate a pure quadrupole 
assignment and the measured a^/a^ ratio, 2.6(3), is not consistent 
with mixed dipole/quadrupole character (which requires a^/a^ > 3.5). 
The a 2  coefficient obtained in the g-factor measurement (a2  = .34(1)) 
is also larger than that for an unattenuated pure quadrupole 
transition (a2 max = .29) (see figure 3.13). Only the E3 possibility 
remains, and the E3 strength of 26 W.u. is consistent with others 
observed in the Pb region. The unambiguous E3 assignment confirms the 
spin and parity of the state at 2538 keV as 29/2+ .
The decay of the state at 3427 keV to the 29/2+ state at 2538 keV
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Figure 3.13: The experimental a2 values as a function of spin for E2
o 1 Tand E3 transitions in Fr obtained using the hyperpure Ge
detector. The solid curves give the a9 values for the case 
feeding only through stretched transitions. Non stretched 
transitions and direct feeding will cause a reduction in the 
observed alignment.
is along two strong pathways, via an 890 keV transition and by a 
477-413 keV cascade. The positive a2 value for the 890 keV transition 
allows possible stretched E3, E2, or M2 assignment or mixed M1/E2 or 
E1/M2 assignment to be made to the transition. The limit on the 
lifetime of the 3427 keV state would require an E3 strength of 
> 335 W.u., rejecting that alternative. The measured conversion 
electron coefficients allow the rejection of the M2 assignment as well 
as the E3 assignment. The conversion and distribution results
considered together eliminate the mixed M1/E2 character, however these 
data allow a mixed E1/M2 J -* J assignment. On the basis of the
890 keV assignment alone the state at 3427 keV can have spin and
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parity 33/2+ or 29/2~. The distributions for the 477 keV and 413 keV 
transitions indicate that both are stretched dipoles and hence are 
only consistent with the 33/2+ assignment to the 3427 keV state. The 
conversion electron measurements for the 413 and 477 keV transitions 
assign El (or mixed E1/M2) character to both transitions and confirm 
the spin and parity of the state at 2950 keV as 31/2- . The E2 
assignment to the 890 keV transition and the El assignments to the 413 
and 477 keV transitions are supported by the linear polarization 
measurements of Horn et al. [Hor79].
The present work establishes a decay path from the 31/2 state at 
2950 keV to the 23/2~ state at 1856 with an intermediate state at 
2740 keV. The assignment of 27/2— is made to the 2740 keV state on 
the basis of the positive a2 coefficients for the 884 keV and 210 keV 
transitions which form this path. The conversion coefficient for 
the 884 keV transition allows the rejection of an M2 assignment. The 
E3 assignment is also rejected since the limit on the lifetime of the
2740 keV state would require an- E3 transition strength of > 150 W.u.
4Y\e_
The properties of^884 keV transition thus allow assignments of 27/2 , 
25/2 and 23/2 to be made to the 2740 keV state. Only the assignment 
of 27/2” is consistent with the population via the 210 keV transition 
from the 31/2- 2950 keV state, which in that case is a > 0.8 W.u. E2 
transition. Higher multipolarities for this transition would be very 
enhanced, therefore spins lower than 27/2 for the 2740 keV state can 
be rejected.
The distribution coefficients for the 288 keV transition 
(3655-3427) suggest the quadrupole assignment made to this transition. 
E3 and M2 assignments can be rejected since the required strengths 
would be > 1.5 x 10^ and > 83 W.u. respectively. The distribution 
data considered in conjunction with the electron conversion
70
measurement are not consistent with a mixed M1/E2 assignment. A mixed 
E1/M2 assignment can also be rejected since the amount of M2 component 
needed to reproduce the observed ot^  conversion coefficient gives 
transition strengths greater than the recommended upper limit. The E2 
assignment is in agreement with the linear polarization measurement of 
Horn et al. and the spin and parity of the state at 3655 keV is 
confirmed as 37/2+ .
Two independent pathways connect the 37/2+ state at 3655 keV with 
the state at 5786 keV. The 793-910-427 keV cascade was identified by 
Horn et al., while the second branch, which accounts for 1/3 of the 
depopulation of the 5786 keV state, was established in the present 
work and consists of a 280-810-1040 keV cascade. In the first pathway 
the large negative a2 value (a9 = -.32(2)), and nearly zero a^ 
coefficient for the 427 keV transition indicates a J -* J-l transition 
of mixed dipole/quadrupole character. The conversion electron 
measurement allows the rejection of an E1/M2 mixture, and a mixed 
M1/E2 character with -.01 < 6 < -.15 is assigned in the present 
work. This agrees with the measurement of Horn et al. and confirms 
the assignment of 39/2+ to the state at 4083 keV. The distribution 
for the 910 keV transition (a2  = .43(3), a^ = .06(4)) is too 
anisotropic to be due to a pure stretched quadrupole transition, so 
that the possible assignments, on the basis of the distribution alone, 
are a stretched E3, mixed M1/E2 or mixed E1/M2 character. The M1/E2 
assignment may be rejected since no value of 6 can be found which 
satisfies both the angular distribution and the a^, and a^/a^ 
ratios from the conversion electron measurement. While the data are 
in good agreement with the pure E3 assignment the possibility of a 
mixed J J-l E1/M2 transition, with 0.7 < 6 < 0.8, cannot be 
excluded. The E3 strength for the 910 keV transition, 34-42 W.u. is
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consistent with E3 transitions in the lead region and the linear 
polarization measurement of Horn et al. also indicates a pure E3 
assignment for the 910 keV transition. The possible spin assignments 
for the state at 4993 keV are therefore 45/2 or less likely 41/2- . 
The 793 keV transition, which completes the pathway to the state at 
5786 keV, has a negative a2 coefficient, a2  = -.067(15), indicating 
dipole character. The small anisotropy may be due to contamination 
from a strong activity line at 790 keV (from ^^Po) or it may be 
indicative of a mixed transition. The electron conversion data do not 
support an E1/M2 assignment but do support the assignment of a 
J ->■ J-l M1/E2 transition with 6 < | .1 |. The polarization
measurement of Horn et al. also supports this assignment. The spin 
and parity assignments for the state at 5786 keV allowed by the 
assignments to this branch are therefore 47/2 or 43/2 .
The second pathway, via the 280-810-1040 keV cascade also 
connects the state at 5786 keV with the 37/2+ state at 3655 keV. The 
distribution for the 1040 keV line, which feeds the 37/2+ state, 
indicates a stretched dipole transition and only an El assignment is 
consistent with the conversion electron data. The spin and parity of 
the state at 4695 keV is established as 39/2” . The 810 keV transition 
has a positive a2  coefficient and allows assignments of stretched E3, 
M2 or E2 character or mixed M1/E2 or E1/M2 character. The pure M2 and 
E3 possibilities are rejected on the basis of the measured 0( ^  
coefficient of .0065(35). (a^(E3) = .0225, a K(M2) = .085 and
Ct^(E2) = 0.0098). An E3 assignment is also inconsistent with the
required E3 strength of >910 W.u. The conversion electron data, in 
conjunction with the angular distribution data, eliminates the M1/E2 
mixture but allows a mixed J -> J E1/M2 transition with | <51 < 0.3.
The allowed spins and parities for the state at 5506 keV are 43/2"" and
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39/2+ . The 280 keV transition (5786 keV-5505 keV) also has a positive 
a 2 coefficient and small a^ coefficient. The limit of < 2 ns for the 
mean-life of the state at 5786 keV gives the limits for the strength
of a pure E3 transition as > 7 x 10~* W.u. and for a pure M2
transition as > 67 W.u. which are sufficient to reject these
assignments . The limit on the E2 strength is > 1.1 W.u. The a K
conversion electron data also eliminate the pure M2 and E3
assignments and, together with the distribution measurement, the M1/E2 
mixture. The J -* J E1/M2 mixture with |S| < 0.2 cannot be 
rejected from these data so that the allowed spins for the state at 
5786 keV as determined from assignments to transitions along this 
decay path are 47/2 , 43/2+ or 39/2 .
Only the 47/2 assignment is in agreement with both pathways so 
that the spin and parity for the state at 5786 keV is unambiguously 
assigned as 47/2 . This assignment also removes the ambiguities in 
the assignments within the two branches and the spins and parities 
shown in figure 3.3 are the only values consistent with the available 
data.
The spin and parity of the state at 4898 keV are determined from 
the character of the 815 keV transition (4898-4083 keV). The negative 
a2 value indicates a J -+ J-l dipole transition and the conversion 
electron measurement determines its character to be El, with possibly 
a small M2 mixture (6 < -0.3). The assignment of 41/2- confirms 
the assignment of Horn et al. The assignment is also supported by the 
observation of the 94 keV transition which de-excites the 45/2", 19 ns 
state at 4995 keV. The angular distribution for this line could not 
be reliably extracted because of contamination from the Rn X-ray 
line, however the strength of the transition eliminates E3 
4 x 106 W.u.) or M2 assignments (105 W.u.). An E2 character implies a 
strength of 2-3 W.u. for this transition.
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The 929 keV transition, which feeds the 47/2~ state at 5786 keV, 
has an angular distribution similar to that for the 910 keV transition 
which is assigned as a stretched E3 transition. The large a£
coefficient (a2 = .46(3)) can be used to eliminate the pure quadrupole 
assignment, as can the and conversion electron coefficients.
The distribution and conversion data eliminate the possibility of a 
mixed dipole/quadrupole J -* J transition, but cannot reject the 
possibility of a mixed J J-l transition for either M1/E2
(0.5 < 6  < 1) or E1/M2 (0.5 < 6 < 0.75) character. On the basis 
of this transition alone the spin and parity of the state at 6715 keV 
can be limited to 53/2"*" or 49/2 . The 787 keV transition is also fed 
from the 6715 keV level, through a state at 6573 keV, and its 
distribution indicates a J J-l dipole transition. The conversion 
electron measurement rules out the pure Ml or mixed M1/E2 assignment 
so that the spin and parity of the state at 6573 keV is established as 
49/2+ . The 142 keV transition which connects the isomeric state at 
6715 keV to the state at 6573-keV has a positive a2 coefficient 
consistent with stretched E3, E2 or M2 or mixed M1/E2 or E1/M2 
assignments. The pure E3 and M2 possibilities are eliminated by the 
required strengths of 1500 W.u. and 78 W.u. respectively. The limit 
on the total conversion coefficient for the 142 keV transition, 
< 2.1(6), also eliminates the E3 and M2 assignments and is in good 
agreement with an E2 assignment a^,(E2) = 2.0). The limit on the 
conversion coefficient, in conjunction with the distribution 
information, eliminate the possibility of a mixed M1/E2 transition but 
cannot completely exclude a mixed E1/M2 J -> J assignment with|d|<0.3. 
The allowed spin values for the isomeric state at 6715 keV from this 
branch are 53/2~*~, with a stretched E2 assignment for the 142 keV 
transition or 49/2 for the J -* J mixed E1/M2 assignment. Both these
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values are allowed from the assignments to the 929 keV transition, 
however the spin and parity of 53/2+ is preferred.
The state at 6263 keV is populated in a cascade connecting the 
49/2+ state at 6573 to the 43/2” state at 5505 keV. The positive a9 
coefficient for the 757 keV line (6263-5505 keV) is consistent with 
stretched E3, M2 or E2 assignment or with mixed M1/E2 or E1/M2 
assignment. This restricts the assignments allowed for the 6263 keV 
state to be 49/2+ , 47/2, 45/2 or 43/2. The distribution for the 
308 keV transition is only consistent with a J -> J-l transition so 
that the spin of the 6263 keV state is 47/2. No further spectroscopic 
information was obtained for these weak transitions so the parity of 
the state remains uncertain.
The angular distribution for the 317 keV transition, which 
de-excites the state at 6102 keV and feeds the 5786 keV state, shows a 
large negative a2 coefficient of a2 = -.78(3). This indicates a mixed 
J -> J-l transition and the conversion electron coefficient for the 
317 keV transition rejects an E1/M2 mixture. The spin and parity of 
the state at 6102 keV is therefore assigned as 49/2+ .
The 563 keV transition which feeds the state at 6715 keV has a 
distribution which indicates a mixed J -* J-l transition and the 
conversion electron measurement determines this mixture to be M1/E2 
with 16 1 < .5. The spin and parity of the state at 7278 keV is 
thus established as 55/2+ . Only the distributions could be measured 
for the remaining transitions which have been assigned as feeding this 
state and dipole character has been assigned to the 182, 371 and 
349 keV transitions.
The 1259 keV transition also feeds the isomeric state at 6715 keV 
and has a positive a2 coefficient of a2 = 0.15(4) which is consistent 
with an attenuated distribution for a stretched E3, M2, or E2 or mixed
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M1/E2 or E1/M2 assignment. The pure quadrupole assignments may be
rejected on the basis of the measured conversion coefficient.
Figure 3.13 shows the measured a2  coefficients as a function of spin
21 3for the E2 and E3 transitions assigned to Fr. These data show that 
a pure E3 assignment for the 1259 keV transition is unlikely since it 
would require a greater attenuation of the a2  coefficient than is 
required to reproduce the distribution for any of the E3 transitions 
assigned to this nucleus which de-excite much longer lived states 
lower in the level scheme. The conversion electron data, in
conjunction with the distribution data, eliminate all possible mixing 
ratios for J -> J E1/M2 mixtures. In addition, the attenuation of the 
a2 coefficient required to reproduce the distribution and conversion 
data with a J J M1/E2 assignment (ot 2  < 37%), or with a J -> J-l
E1/M2 assignment (o^ <20%) is much smaller than that observed for most 
transitions assigned to Fr. A mixed J J-l M1/E2 assignment with 
.2 < 6 < 0.5 is favoured for this transition, and this assigns the
spin and parity of the state at 7974 keV as 55/2+ . The distribution 
for the 111 keV transition is only poorly defined and only a tentative 
assignment of (57/2 , 55/2 , 59/2+) can be given to the state at 
8085 keV. The present work gives an assignment of 55/2+ for both the 
states at 7973 and 7278 keV. It is unusual for the heavy-ion,xn
reaction to strongly populate two states of the same spin at such 
different excitation energies. This may indicate that either the 
assignments to the states may be incorrect (the 1259 keV transition 
may indeed be an E3 transition) or the states at 7973 and 7278 keV are 
fed selectively from higher lying, high spin states.
The spin assignments made to the states at 3489, 4675 and 
5002 keV are based only on the angular distribution data for the 539, 
592 and 327 keV transitions respectively, which indicate all three are
J -*■ J-l transitions.
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3.5 MAGNETIC MOMENT MEASUREMENTS
The g-factors of the long lived states were measured using the
time differential perturbed angular distribution technique (see
section 2.9), with an applied external field of 2.41(2) T. The
1 2experiment was performed with a C beam on a natural T1 target, which 
meant that the relative population of the high spin states was less 
than that obtained in the other experiments. The reduced population 
coupled with the short lifetime of the 6715 keV state meant that the 
g-factor of this state could not be determined.
The ratio spectr^<v\for the 681 keV transition has been shown in 
chapter 2 (figure 2.13) and the g-factor for the 29/2+ state is
determined from a fit to both this spectrum and that for the 266 keV
transition. The g-factors for the 21/2” and 17/2— isomers are both 
determined from the fit to data for the 1189 keV transition. The
g-factor of the 26 ns 17/2- state could not be determined very 
accurately since the side feeding is small. Hence the g-factor could 
only be determined from a phase shift of the modulation pattern,
caused by feeding through the longer lived states, observed for the
transitions below the 17/2- state. Figure 3.14 shows the ratio
spectra for the 815 and 910 keV transitions which both decay from the 
19 ns 45/2” state. The 815 keV transition has a negative a2 
coefficient, while the 910 keV line is a stretched E3 transition, so 
that the two ratio spectra are out of phase. The results for the
isomeric states in Fr are given in table 3.5 and the data have been 
corrected for the change in the external field at the site of the
nucleus due to the Knight shift and diamagnetic shielding. The value 
of the Knight shift, for francium nuclei in a thallium host, is taken 
from the measurement of Beene et al. [Bee77] (K(FrTl) = 0.89%), and
the diamagnetic correction from the calculation of Feiock and Johnson 
[Fei69] (0 = 1.97%).
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E*= 8l5keV
time (ns)
F i g u r e  3 . 1 4 :  R a t i o  s p e c t r a  f o r  t h e  91 0  a n d  81 3  keV t r a n s i t i o n s .
The  s p e c t r a  b o t h  show t h e  g - f a c t o r s  f o r  t h e  19 n s  s t a t e  a t  
499 3  k e V .  The  d i f f e r e n c e  i n  p h a s e  o c c u r s  b e c a u s e  o f  t h e  two 
t r a n s i t i o n  h a v e  d i f f e r e n t  a n g u l a r  d i s t r i b u t i o n s .  The  s o l i d  l i n e s  
a r e  f r o m  a l e a s t  s q u a r e s  f i t  t o  t h e  d a t a  a n d  t h e  u s e  o f  a  v e t o  t o  
r e m o v e  t h e  p r o m p t  p e a k  m e a n s  t h a t  t h e  d a t a  p o i n t s  do n o t  e x t e n d  t o  
z e r o  t i m e .
The  m e a s u r e d  g - f a c t o r  f o r  t h e  2 9 / 2 +  s t a t e ,  1 . 0 4 1 ( 1 0 )  i s  i n  g o o d  
a g r e e m e n t  w i t h  t h e  v a l u e  o f  B e e n e  e t  a l . [ B e e 7 7 ]  ( a l s o  [ H a u 7 6 ] )  
( g ( 2 9 / 2 + ) u n c o r r  = 1 . 0 3 8 3 ( 8 )  a nd  t h a t  o f  R e c k n a g e l  e t  a l . [ R e c 7 4 ]  
( g ( 2 9 / 2 + ) u n c o r r  = 1 . 0 4 ( 1 ) .  The  p r e s e n t  e x p e r i m e n t a l  v a l u e  f o r  t h e  
2 1 / 2 ”  i s o m e r ,  . 8 8 ( 2 ) ,  i s  a l s o  i n  g o o d  a g r e e m e n t  w i t h  t h e  v a l u e s  f r o m  
B e e n e  e t  a l .  ( a n d  [ ( H ä u 7 6 j )  CgC2 1 / 2 ~ ) u n c o r r  = 0 . 8 7 8 5 ( 2 0 ) .  The  
g - f a c t o r  f o r  t h e  4 5 / 2  s t a t e  ( g c o r r  = 1 . 0 3 ( 3 ) )  i s  i n  r e a s o n a b l e  
a g r e e m e n t  w i t h  t h e  m e a s u r e m e n t  o f  H o r n  e t  a l . o f  
g ( 4 5 / 2 _ ) Co r r  = * 9 9 0 ( 2 5 ) .
Table 3.5: g-factors in
J
'fl
Mean-life
ns
^uncorr
*
g Corr
45/2" 19(2) 1.02(3) 1.03(3)
29/2+ 350(20) 1.041(10) 1.05(1)
21/2" 720(30) .88(2) .89(2)
17/2" 26(1) .87(16) .88(16)
^corr ^uncorr^^ ö)(l+K))
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CHAPTER 4
EXPERIMENTAL RESULTS FOR 2g7Fr125
4.1 INTRODUCTION
o 1 oThis chapter presents the results for Fr in a similar format
O 1 oto chapter 3. The assignment of states to Fr is discussed in 
section 4.2 and the spin and parity assignments are presented in
O 1 Osection 4.4. The set of measurements made for the Fr system, 
summarized in table 4.1, is similar to that performed for the Fr 
nucleus with the ^^Tl( ^ C ,5n)^^Fr reaction replacing the
203t i ( 13c,^ n)-^Fr reaction. In addition to the ^“C induced reaction 
a multiple coincidence experiment using one Compton suppressed Ge(Li) 
detector, two unsuppressed Ge(Li) detectors and an NE312 scintillator 
was performed using the Pt( F,5n) Fr reaction.
9 1 2The only previous gamma-ray spectroscopic study of Fr is that
of Beene et al. [Bee77], That work reported two isomers at 1351 keV
(t = 39 ps) and at 2492 keV (t = 810 ns) but was principally concerned
with the measurement of the g-factor of the 1551 keV state. Spin and
parity assignments were made by Beene et al., to states at 2492, 1880,
1551 , 1389, and 2492 keV on the basis of the g-factor measurements,
gamma-gamma coincidence data and detailed excitation functions. The
present work confirms these assignments and determines new levels in 
219 +Fr up to a spin of 29 and excitation energy 7659 keV. The level 
scheme deduced in the present work is summarized in figure 4.1. In 
addition to the isomers assigned by Beene et al. , two further isomers 
were found at excitation energies of 4834 and 5854 keV.
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Table 4.1: Measurements for 2^2Fr
Measurement Reaction Energy (MeV)
excitation functions 2^Tl(*2C,xn) 77-96
198pt(19F,xn)
gamma-gamma coincidences
i) two Compton suppressed Ge(Li) 
detectors
ii) Ge(Li) and planar Ge detectors3
iii) one Compton suppressed Ge(Li)
with two other Ge(Li) detectors
gamma-neutron coincidences x-n
i) Ge(Li) and NE2133
ii)
iii) planar Ge and NE2133
gamma-ray angular distributions 
i) hyperpure Ge detector 
ii) planar Ge detector
conversion electron measurements 
timing measurements
i) chopped beam 300 ns/6 ys
ii) pulsed beam 1 ns/108 ns
205T1(12C)5n)212Fr 
natTl(12C,xn)212Fr
00
*
g factor measurements natTl(12C,xn)212Fr ■k
2°5T 1 ( 12C , 5 n ) 21 2 Fr 87
198P t ( 19F , 5 n ) 21 2 Fr 102
205T1(12C,5n)212Fr 87
205Tl(12C,5n)212Fr 
198Pt(19F,5n)212Fr
thick target 
same bombardment
O 1 OInitial assignments of transitions to Fr were made on the
basis of the excitation functions obtained with the 2^T1( ^ 2C,xn) and 
198(*9F,xn) reactions. The relative excitation functions for the 2^C
P\
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Figure 4.1: Level scheme.
The width of the transitions indicates the gamma-ray intensities. 
The mean-lives of the long lived states are indicated to the right 
of the diagram and tentative assignments are indicated by brackets 
and dashed transitions.
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-2 205induced reaction on a 15 rag cm T1 target are shown in figure 4.2. 
The curves represent the sum of several of the lowest transitions 
assigned to each nucleus and have been normalized so that the total 
intensity is unity. These data are in reasonable agreement with the 
predictions of the statistical model code given in figure 2.1/, 
although the use of a thick target resulted in the peak energy for a 
particular channel being slightly higher than in the calculation. 
Confirmation that the excitation functions, shown in figure 4.2, 
correspond to xn reactions, as opposed to reactions which emit charged 
particles, was obtained by observation of coincidences between the 
assigned gamma-rays and the characteristic Fr X-rays.
beam energy (MeV)
Figure 4.2: Relative excitation functions.
The curves represent the sum of several of the lowest transitions 
in 211 ,212,213pr obtained using a beam incident on a 205^ -^  
target. The data have been normalised so that the total intensity 
for each nucleus is unity.
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Once initial assignments were made, the identification of further
212transitions which de-excite Fr was obtained from the gamma-gamma
coincidence data, as described in sections 2.7 and 3.1. Early
coincidence spectra, with gates set on the 542 , 847 and 162 keV
transitions, show the 612 and 328 keV transitions strongly. The sum
of the early coincidence spectra for the 612 and 328 keV transitions, 
shown in figure 4.3, contains all the gamma-rays which feed the 
isomeric state at 2492 keV. For comparison the singles spectrum for 
the same reaction is shown in figure 4.4.
Early projection
287 342 328,612
304 410
energy (keV)
Figure 4.3: Early projections for 612 and 328.
The spectrum obtained by summing the early projections for the 612 
and 328 keV transitions. This spectrum shows all gamma-rays which 
feed the 870 ns state at 2492 keV.
The sum of the projections for several strong transitions above 
the isomer at 2492 keV, selecting in turn 'late', 'early' and 'prompt'
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/ -rays
. 287
sb) elec'rons
328 \
|490\ ^
energy (keV)
Figure 4.4: (a) Singles gamma-ray spectrum obtained in a Compton
suppressed Ge(Li) detector at 55° to the beam direction.
(b) The electron spectrum in a Si(Li) detector taken at the same
time. The energy scale is appropriate for the K conversion line
212in Fr. In both spectra the transitions assigned to Fr are 
marked.
regions of the time spectrum, are shown in figure 4.5. The early 
spectrum shows gamma-rays which feed an isomer at 5854 keV. The 
prompt spectrum was obtained by demanding that the two gamma-rays were 
coincident within a time interval of 40 ns, and shows all the 
gamma-rays which de-excite states between the isomers at 5854 and 
2427 keV. The late spectrum shows the gamma-rays which de-excite the 
isomers at 2492 and 1551 keV and the relative weakness of the 162, 847 
and 542 keV transitions in this spectrum is due to the short time
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interval of the coincidence gate, ±1 p s, compared to the 39 ps
mean-life of the isomeric state at 1551 keV.
A spectrum showing all delayed gamma-rays was obtained by
projecting events in the out-of-beam period of the chopped beam
experiment. Lines from radioactive decay were removed by subtracting 
events which occurred 2-4 ps after the end of the 300 ns beam burst 
from those in a .07-2 ps interval, and the resulting spectrum is shown 
in figure 4.6. A comparison of the intensities of lines in the
in-beam time interval with intensities in the out-of-beam interval 
gives the fraction of the population of a state which is fed through 
long lived states. Since the duration of the in-beam period (300 ns) 
is comparable to the mean-life of the isomers in Fr, a significant 
component of the intensity in this region will also be from delayed 
transitions. In order to reduce this component, a fraction of the 
out-of beam spectrum was subtracted from the in-beam spectrum so that 
no intensity remained in the 588 keV peak which directly de-excites a 
450 ns isomer. The prompt-to-delayed ratios for transitions in Fr 
obtained from these spectra, and given in table 4.2, were used to give 
the ordering of the transitions. Since the 'delayed intensities' were 
obtained from data obtained in a fixed time interval, the ratios in 
table 4.2 only reflect, and are not exactly equal to, the true 
prompt-to-delayed ratios. The true prompt-to-delayed ratios can be 
obtained from fits to the decay curves which include a fit over the 
time region of the prompt peak and fits of this nature were carried 
out for time spectra obtained in the pulsed beam experiment.
4.2 212Fr LEVEL SCHEME
4.2.1 States Below the 39 ps Isomer at 1551 keV
The late coincidence spectra for transitions above the 39 ps
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Early projection
Prompt projection
Late projection
energy (keV)
Figure 4.5: The sum of the early, prompt and late projections for the
210, 277, 287 , 342, 410, 442, 471 , 521 , 553, 588 ,and 749 keV
transitions in the main cascade.
Figure 4.5a shows all the gamma-rays which occur in an interval of 
40-900 ns before the gated gamma-ray. The middle panel shows 
gamma-rays which are in coincidence within an interval of ± 40 ns 
and figure 4.5c shows gamma-rays which occur in an interval 
40-900 ns after the gated gamma-ray.
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delayed gamma-rays
fr x-rays
693 Ge(n.n')
728 800472 542
energy (keV)
Figure 4.6: Delayed spectrum.
The gamma-rays in this spectrum occur in an interval 0.070-2 ys
after a 300 ns beam burst. The intensity of lines from
radioactive decay has been reduced by subtraction of counts in the
2-4 ys time interval. Delayed transitions in Fr are indicated
211 213and transitions in Fr and ^1 JFr are marked ■ and •
respectively.
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Table 4.2: Energies, delayed inte^^ties, and placements
of gamma-rays in Fr
Energy
keV
Delayed
Intensity
Prompt/
Delayed
Ratio
State
Initial Final
111 4137.2 4025.5
129(1)
130.0(3) 12(2) .4(3)
158.0(3) 6(2) 11(3) 2495.7 2337.7
162.0(1) 1551.4 1389.4
178
201.2(3) 6976.8 6776.0
210.2(1) 165(2) .81(7 )a 5266.2 5056.0
217.8(5) (4765.1 4746.9)
221.9(3) 130(20) 1.3(5)a,C 5056.0 4834.1
253.5(3) 5(1)
273.6(3) 20(2) 2.0(4) (4908 4634.2)*
275.0(3) 7(2) 9.5(28) 2612.5 2337 .7
277.0(1) 79(3) 2.9(1) 3241 .0 2964.1
287.3(1) 269(4) 1.30(3) 4834.1 4546.9
289.3(2) 23(2) 2.6(3') 3241.0 2951 .9
304.5(3) 21(2) 7.8(8) 3256.4 2951.9
328.4(2) 952(14) .080(7) 1879.8 1551.4
331.0(3) 17(3) 7(1) 4082.2 3751.2
339.3(3) 19(2) 9(1) 2951 .9 2612.5
342.6(2) 301(5) 2.4(1) 3583.3 3241.0
361.9(3) 11(2) 1.3(4) 4499 4137.2
365.3(2) 5(2) 14(6) 4447 4082.0
409.6(1) 90(3) 1.3(1) 4546.9 4137.2
442.0(2) 141(6) 2.4(1) 4035.5 3583.5
457.9(2) 19(2) 9(1) 2337.7 1879.8
459.5(2) 18(2) 8(1) 2951.9 2492.2
468.0(5) 6(2) 1.7(9) 2964.1 2495.6
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Energy
keV
Delayed
Intensity
Prompt/
Delayed
Ratio
State
Initial Final
471.9(1) 121(3) 3.3(1) 2964.1 2492.2
490.1(2) 5(1) 31(8) 6344.5 5854.5
494.6(2) 8(3) 8.4(24) 3751 .2 3256.4
521.4(2) 100(4) 1.4(1) 4546.9 4025.5
529.0(3) 18(2) 11(1) (5160 4632)
536.9(2) 5803.1 5266.2
542.2(1) 2.29(2)b 542.2 0
553.7(2) 100(3) 1.94(9) 4137.2 3583.3
569.8(3)
588.3(2) 347(7) 0 5854.5 5266.2
595.0(3)- +5854
612.4(1) 1338(20) 2492.2 1879.8
619.4(3) 17(2) 15(3)
632.1(3) 6976.4 6344.5
732.6(3) 10(2) 9(2) 2612.5 1879.8
739.6(3) 7(2) 11(3) 4765.1 4025.5
748.8(1) 160(4) 2.5(1) 3241 .0 2492.2
808.1(3) 9(3) 4.6(1.4)
847.2(2) 2.12(2)b 1389.4 542.2
881.3(3) 7(2) 7(3) (4632 3751.2)
883.3(3) 27(3) 2.1(3) (4634 3751)*
921.5(3) 6776.0 5854.5
987.8(4)
990.0(5)
1200(1)
1315.6(5) 7660 6344.5
* order not established
a) obtained using the intensities in the prompt spectrum without 
correcting for the delayed component in the beam burst.
b) from pulsed beam experiment: ratio of counts in the prompt peak
compared to counts in the delayed region.
213c) corrected for contribution from Fr.
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isomer and the early spectra for the 162, 542, and 847 keV transitions 
establish that these three transitions de-excite the levels of lowest 
excitation energy populated in the present study. The prompt 
coincidence spectra for these transitions show that they are in 
cascade and the ordering is based on the relative excitation data 
(shown in figure 4.7), and on the prompt-to-delayed ratios obtained in 
the pulsed beam experiment. No prompt component was observed in the 
time spectrum for the 162 keV transition and this supports the 
placement of the transition as directly de-exciting the isomer at 
1551 keV. The mean-life of this state could only be determined as 
> 20 lis, since the time interval over which the decay was measured 
was only 3 ys, hence the measurement was not sensitive to the long 
lifetime. The mean-life measured by Beene et al., T = 39 ys, has been 
adopted in the present work.
4.2.2 States Below the 870 ns Isomer at 2492 keV
The 612 and 328 keV transitions appear strongly in the late and 
delayed spectra shown in figures 4.5 and 4.6 and are assigned as 
decaying below an isomer. The time spectrum obtained from the 
gamma-gamma coincidence experiment by gating on the 612 and 328 keV 
transitions in the start detector and on the 342, 287 and 277 keV 
transitions in the stop detector is shown in figure 4.8. (For 
comparison, the time spectrum obtained by gating on the 328 keV 
transition in the start detector and on the 612 keV transition in the 
stop detector is also shown. The mean-life for the intermediate state 
at 1880 keV was determined from other data to be < 3 ns.)
A mean-life of 870 ns for the state at 2492 keV was determined by 
a fit to these data and fits to the time spectra for the 328 and 
612 keV transitions obtained in the chopped beam and g-factor
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beam energy (MeV)
Figure 4.7: Relative excitation functions for the 542, 162 and
847 keV transitions.
12 205The data were obtained using a C beam incident on a T1 target 
and the data for each transition have been normalized to unity at 
the 77 MeV point.
experiments. (The time spectrum for the 612 keV transition obtained 
in the chopped beam experiment has been presented in chapter 2 (figure 
2.10).) The ordering of the 612 and 328 keV transitions is determined 
from the prompt-to-delayed ratios and by the observation of 
coincidences in the prompt gamma-ray projection for the 328 keV 
transition (shown in figure 4.9), which are absent in the 
corresponding spectrum for the 612 keV transition. Most of the lines 
in the coincidence spectrum for the 328 keV transition also occur in 
the delayed gamma-ray spectrum (figure 4.6) but do not occur in the 
early coincidence spectrum for the 328 and 612 keV transitions, 
indicating a decay path which bypasses the isomer at 2492 keV. The 
states in this decay path are discussed in section 4.2.4.
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start 328,612
stop 277, 3 4 2 ,2 8 7
m = 870 ns
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Figure 4.8: Gamma-gamma time spectrum for the 2492 keV state.
The time spectrum was obtained by projecting the gamma-gamma time 
data gating on the 612 and 328 keV transitions in the start 
detector and 342, 287 and 277 keV transitions in the stop 
detector. The mean-lives for the states other than the 2492 keV 
state are less than 3 ns, so that the curve only reflects the 
mean-life of the 2492 keV state. The time spectrum obtained by 
gating on the 612 keV transition in the stop detector and 328 keV 
in the start detector is shown in the lower portion of the figure.
4.2.3 States in the Main Cascade Below 
the 450 ns Isomer at 5854 keV
The early coincidence spectrum for the 612 and 328 keV
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Figure 4.9: Prompt coincidence projections for the 274, 495, 275, and 
328 keV transitions.
These spectra show transitions in decay paths parallel to the main 
cascade. Contaminants in the 274 and 275 keV projections have 
been removed according to the technique described in section 2.7.
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transitions, shown in figure 4.3, indicates a large number of strong 
transitions which feed the state at 2492 keV. The time spectra for 
these transitions show that a significant component of their 
intensities comes from feeding through a 430 ns isomer. This strong 
pathway, from the state at 5854 keV to the 870 ns state at 2492 keV, 
will be referred to as the main cascade. The ordering within this 
cascade is based on the observation of a state with mean-life 
6.1(5) ns in the main cascade (at 4831 keV) and on the 
prompt-to-delayed intensity ratios given in table 4.2.
The 6.1 ns mean-life is assigned to the 4834 keV state which 
decays by the 287 keV transition and is evident in the time spectra 
shown in figure 4.10. The time spectra for the 210, 222, and 588 keV 
transitions, do not show the effect of feeding through a 6 ns isomer, 
and thus are placed above the 6 ns state at 4834 keV. The time 
spectrum for the 588 keV transition is shown in figure 4.11 and the 
absence of a prompt component supports the assertion that the 
transition directly de-excites the isomer. The ordering of the 222 
and 210 keV transitions is determined from the prompt-to-delayed 
ratios and by the observation of coincidences between only the 210 keV 
transition and gamma-rays assigned as decaying along a pathway 
parallel to the main cascade (see section 4.2.4).
A transition of energy 537 keV is observed in prompt coincidence 
with all transitions in the main cascade except with the 588 keV 
transition thus establishing a state at 5803 keV. The 537 keV line 
does not occur in the delayed spectrum and therefore this state is not 
connected to the 450 ns state at 5854 keV.
The prompt coincidence spectra for gamma-rays in the main cascade 
(see figure 4.5) show coincidences between these gamma-rays and 
gamma-rays of energy 218, 233, 253, 740 and 808 keV. The assignment
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Figure 4.10: Time spectra obtained with the 1 ns pulsed beam.
Figures 4.10a,b,c were obtained by projecting the planar 
detector-beam time axis. The 287 keV transition is assigned as 
directly de-exciting the 6.1 ns state at 4834 keV and this 
mean-life is also shown by the 342 keV spectrum. The 201 keV 
transition is assigned as decaying from a state above the 450 ns 
isomer at 5854 keV.
Figures 4.10d,e,f show spectra obtained by projection the 
hyperpure Ge detector-beam time axis. The spectra for the 521 and 
410 keV transitions also show the 6.1 ns mean-life of the state at 
4834 keV. The 495 keV transition is in the pathway parallel to 
the main cascade.
212of the 233 keV transition to Fr is not completely certain, since it
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211is the strongest line in the Fr spectrum. The tentative placement 
of the 218 and 740 keV transitions as decaying from a state at 4323 is 
shown in figure 4.1, however the weakness of the remaining transitions 
prevented their placement in the level scheme.
4.2.4 States Bypassing the Isomeric State at 2492 keV
The prompt coincidence spectrum for the 328 keV gamma-ray 
presented in figure 4.9 shows a number of gamma-rays which are not 
observed in the early coincidence spectra for the 612 and 328 keV 
gamma-rays. Coincidence spectra for these lines establish a decay 
path which bypasses the isomer at 2492 keV and extends parallel to the 
main cascade. Several of these spectra (for the 274 , 275 and 495 keV 
transitions) are shown in figure 4.9.
A state is assigned at 2338 keV which is de-excited by a 458 keV 
transition. The 274.6 keV transition feeds this state and suggests a 
state at 2613 keV. Both the 2338 and 2613 keV states are confirmed by 
the observation of a crossover transition of energy 732.5 keV which 
de-excites the state at 2613 keV and populates the state at 1880 keV. 
A state is assigned at 2952 keV and this decays by a 339 keV 
transition, to the state at 2613 keV, and by a 460 keV transition to 
the isomeric state at 2492 keV. The placement of the 460 keV 
transition is confirmed by the observation of this line (but not the 
458 keV line) in the early projection for the 328 and 612 keV 
transitions. The 460 keV transition does not show coincidences with 
the 472-277-748 keV group but does show coincidences with the 342 keV
and higher lying transitions in the main cascade, hence the
positioning of the 472-277-748 keV group in the main cascade is
independently confirmed. The connection to the main cascade is made 
through a 289 keV transition which de-excites the state at 3241 keV.
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The 289 keV transition is only partially resolved from the strong 
287 keV line (4834-4547 keV), however it is clearly observed in the 
prompt coincidence spectrum for the 287 keV transition.
Two transitions of energy 304 and 495 keV are observed in cascade 
and in coincidence with transitions which de-excite the 2^52 keV 
state. The transitions establish a state at 3751 keV, however the 
ordering of the transitions is based only on the delayed intensities 
for the lines and the intermediate state could be at either 3256 or 
3447 keV.
Three separate branches are observed to feed the state at
3751 keV. Transitions of energy 331 and 365 keV are observed in
cascade and the ordering of these transitions is based on the
prompt-to-delayed ratios of 7(1) and 14(6) respectively. The
connecting path to an isomeric state could not be identified. 
Transitions of energy 881 and 529 keV were also observed to be in 
cascade and to feed the state at 3751 keV, however the ordering of 
these transitions could not be determined. The third path feeding the 
3751 keV state consists of transitions of energy 883 and 274 keV and 
these transitions show coincidences with the 210 and 588 keV 
transitions which occur in the main cascade (see for example the 
coincidence spectrum for the 274 keV transition in figure 4.9). The 
connecting pathway between the state determined by the sum of the 883 
and 274 keV transitions, 4908 keV, and the 5056 keV state, to which 
the 210 keV transition decays, could not be identified. The energy 
difference between the two states is 148 keV, so that if the pathway 
is through an intermediate state, the reduction in gamma-ray intensity 
due to internal conversion would mean they would be unlikely to have 
been identified in the present work. The ordering of the 883 and
274 keV transitions remains in doubt and the intermediate state could
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be either at 4634 keV or 4025 keV. The latter position, with the 
274 keV transition directly feeding the state at 3751 keV, gives a 
state of an excitation energy within 0.5 keV of a state in the main 
cascade. The coincidence data show that no connection between the two 
pathways exists at this point so that the two states would be 
distinct.
A transition of energy 129(2) keV was also observed to be 
associated with transitions in the side pathway, however coincidences 
were too weak for definite placement.
A transition of energy 158 keV is seen in coincidence with the 
458 keV transition and this establishes a state at 2496 keV. A 
transition of energy 468.4(4) keV is observed in the coincidence 
spectrum for the 158 keV gamma-ray and this may be due to a transition 
from the state at 2964 keV, in the main cascade, to the state at
2496 keV. Definitive placement of this transition is prevented
because of the weakness of the branch and the contamination of the 
line, in coincidence spectra for other transitions, by the strong 
472 keV transition (2952-2492 keV).
4.2.5 States Above the 450 ns Isomer at 5854 keV
The early coincidence spectrum for transitions in the main
cascade below the 450 ns isomer shows all gamma-rays which feed the 
5854 keV state. The strongest of these gamma-rays (see figure 4.5), 
the 490 and 201 keV transitions, are not in coincidence with each 
other and define two independent branches which de-excite states at 
67!t4-and £>3T7 keV. The 201 keV transition shows a strong coincidence 
with a 921 keV gamma-ray which is also in the early spectrum and the 
order of the transitions is based on the singles intensities. The
establishment of the state at 6977 keV, defined by this cascade, is
99
supported by the observation of a branch from this state to the state
at 6344 keV by a 632 keV transition. The 490 keV transition also
shows a coincidence with a transition of energy 1316 keV and this
defines a state at 7659 keV. A transition of energy 594 keV is also
observed to be in coincidence with the 1316 and 490 keV transitions
and this is likely to directly feed the state at 7659 keV. A path
parallel to the 1316 keV transition is assigned tentatively, and
consists of transitions of energy 990 and 326 keV. Definitive
placement was prevented because of contamination of the 990 keV line
208by a line of similar energy in Po and the contamination of the 
326 keV line by the 327 keV in ^^Fr and the 328 keV line assigned 
lower in the level scheme. A transition of energy 1200 keV is also 
observed in coincidence with the 490 keV line but the statistics in 
the projections for the 1200 and 1316 keV line were too poor to 
determine whether a coincidence existed between this pair.
4.3 LIFETIMES
212Four isomers were observed in Fr at energies 1551, 2492, 4834 
and 5854 keV. The time spectra for the states at 2492 and 5854 keV are 
shown in figures 4.8 and 4.11.
The mean-life of the state at 2492 keV was determined by fits to 
the time spectra obtained in the chopped beam, gamma-gamma 
coincidence, and g-factor experiments, and the value of 870(40) ns is 
in reasonable agreement with the value of 810 ns given by Beene et al. 
A similar analysis gave the 450 ns mean-life for the 5854 keV state.
The mean-life for the 6.1(5) ns isomer at 4834 keV was determined 
by fits to the time spectra obtained in the pulsed beam experiment 
where pulses of width 1 ns and separation 108 ns were used. Time 
spectra showing the effect of this isomer are given in figure 4.10.
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Figure 4.11: Decay curves for the 450 ns isomer at 5854 keV.
The lower spectrum is the sum of the time projections, obtained in 
the chopped beam experiment, for the 588, 210, 287, 521, 410, 442, 
553, 342, 277, 471 and 749 keV transitions. The solid line shows 
the result of a fit to the data. Figure 4.11a shows the curve 
for only the 588 keV transition and the lack of a prompt component 
supports the assignment of the 588 keV transition as directly 
decaying the 450 ns state.
Table 4.4 summarizes the mean-lives and the limits on the 
mean-lifes for states observed in Fr. Most of the limits were 
obtained from the pulsed beam experiment. (In particular the limit on 
the mean-life of the 542 keV transition was obtained by a fit to the 
decay curve measured in a planar Ge detector using the pulsed beam.) 
A limit of < 3 ns was obtained for the state at 4547 keV by a two 
level fit to the time curves for the 521 and 410 keV transitions 
(which are shown in figure 4.10). The long time component for these
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two transitions gives the same mean-life as is obtained for the 
287 keV transition (4834-4547 keV), so it is likely that the lack of a 
prompt component in these spectra just indicates that most of the 
feeding of the 4547 keV state is through the isomeric state at
4834 keV. The alternative placement of the 287 keV transition below 
the 521 and 410 keV transitions in the level scheme is not consistent 
with the time and gamma-gamma coincidence data for the transitions in 
the main cascade.
The limits on the lifetimes for the 210 and 222 keV transitions 
were obtained from fits to the time spectra from the pulsed beam 
experiment. In addition, a shift in the centroid of the prompt peak
of the time spectrum for the 210 keV transition, corresponding to a
3 ns mean-life, was observed. Contamination of this line, from a
transition in ^iJFr, prevented a definitive assignment to the 5266 keV 
state.
4.4 SPIN AND PARITY ASSIGNMENTS 
4.4.1 Introduction
212The ground state spin of Fr has been measured as 5 ' T i using
atomic beam magnetic resonance [Eks77]. The shell model predicts that
212the states of lowest excitation energy in Fr will be due to 
coupling between a valence proton in the 1 ^ 9 / 2  shell and a neutron 
hole in the 3p^/2> 2f 5 / 2  or shells. Positive parity is expected
for any coupling within this space, hence, on the basis of the shell 
model, the value 5 + is used as the starting point for the assignments 
made in the present work.
The assignments are made on the basis of the angular distribution 
experiments, the conversion electron measurements (table 4.3), the 
transition strengths (table 4.4) and the observed decay properties.
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21 2T ab le  4 . 3 :  C o n v e rs io n  C o e f f i c i e n t s  f o r  Fr
E N Expt
El E2
Theory
E3 Ml M2
A ssignment
162 T 1 . 2 3 ( 1 3 ) a 0.1458 1.2449 17.455 3 .8673 2 0 .000 E2
210 T , 9 2 ( 2 0 ) a 0 .0790 0 .4721 4 .6 4 9 0 1 .8669 8 .0833 M1/E2
L .3 0 (5 ) 0 .0120 0 .2382 3.1637 0 .2 7 3 8 1.8155
222 T ! . 5 ( 3 ) i 0 .0694 0 .3886 3 .5521 1 .5992 6 .6798 M1/E2
K 2 . 5 ( 9 ) 0 .0556 0 .1329 0 .3 3 0 9 1 .2970 4 .7186
277 T . 8 6 ( 6 ) C 0.0415 0 .1874 1 .2722 0 .8671 3.1566 Ml
K .5 ( 3 ) 0 .0334 0.0841 0.2231 0 .7 0 2 0 2.2989
L .1 6 ( 4 ) 0.0061 0 .0769 0 .6657 0 .1261 0 .6514
287 K < .14 0 .0309 0 .0777 0 .2 0 5 0 0 .6 3 6 5 2 .0510 El
L .0 1 0 (5 ) 0 .0056 0 .0 6 7 0 0 .5482 0 .1 1 4 3 0.5731
304 K , 7 4 ( 3 6 ) d 0.0271 0 .0685 0 .1 7 8 9 0 .5 4 3 2 1.7063 M1/E2
L .0 9 6 (3 0 ) 0 .0049 0 .0536 0 .4 0 5 2 0 .0 9 7 5 0 .4653
328 T .5 0 ( 6 ) 0 .0283 0 .1126 0.6191 0 .5 4 6 0 1.8087 Ml
K .4 2 (  11 ) e 0 .0229 0 .0583 0 .1521 0 .4 4 1 2 1.3413
342 K .0 4 2 ( 1 5 ) e 0.0209 0 .0535 0 .1 3 9 3 0 .3 9 3 7 1 .1760 E2
410 K . 3 5 ( 1 9 ) f 0 .0142 0.0367 0 .0 9 4 3 0 .2 4 1 0 0 .6696 M1/E2
441 K .2 4 (6 ) 0 .0122 0 .0317 0 .0 8 0 6 0 .1 9 8 2 0 .5361 M1/E2
L .0 4 (1 ) 0.0021 0 .0142 0.0871 0 .0 3 5 4 0 .1177
490 K , 3 7 ( 1 0 ) g 0.0098 0.0257 0 .0 6 4 3 0 .1 4 9 5 0 .3907 Ml
495 K . 1 0 (3 )h 0.0097 0 .0253 0 .0 6 3 2 0 .1 4 6 3 0 .3814 Ml
458 K 0.0114 0 .0295 0 .0 7 4 6 0 .1801 0 .4814 M1/E2
. 0 6 9 U 8 ) 1
460 K 0 .0113 0 .0294 0 .0 7 4 3 0 .1791 0 .4782 El
472 K .1 5 (4 ) 0 .0106 0 .0276 0 .0697 0 .1 6 5 2 0 .4369 M1/E2
521 K . 21 (5 ) e 0 .0087 0 .0228 0 .0 5 6 5 0 .1271 0 .3258 M1/E2
536 K • 0 6 ( 3 ) e 0 .0082 0 .0216 0 .0531 0 .1 1 7 9 0 .2997 M1/E2
542 K • 0 2 3 ( 5 ) e 0 .0080 0.0211 0 .0519 0 .1 1 4 4 0.2901 E2
L . 0 0 7 ( 2 ) e 0 .0014 0 .0074 0 .0 3 8 5 0 .0 2 0 3 0 .0605
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E N Expt
El E2
Theory
E3 Ml M2
Assignment
554 K .112(19)^ 0.0077 0.0202 0.0495 0.1080 0.2721 M1/E2
L .020(5; 0.0013 0.0069 0.0353 0.0192 0.0567
583 K .15(2) 0.0070 0.0183 0.0445 0.0944 0.2346
588 K .044(8)e 0.0069 0.0180 0.0437 0.0923 0.2289 E3
L .027(6) 0.0011 0.0058 0.0279 0.0163 0.0476
612 K .043(6)® 0.0063 0.0167 0.0401 0.0831 0.2039 E3
L .025(4) 0.0011 0.0052 0.0239 0.0147 0.0425
M .008(1) 0.0002 0.0013 0.0062 0.0035 0.0110
749 K .010(1)® 0.0043 0.0114 0.0264 0.0489 0.1151 E2
L .002(1) 0.0007 0.0030 0.0116 0.0086 0.0256
847 K .0087(10)® 0.0035 0.0091 0.0205 0.0355 0.0820 E2
L .0020(2) 0.0006 0.0022 0.0077 0.0062 0.0200
921 K .022(6) 0.0030 0.0078 0.0173 0.0286 0.0654 M1/E2
1316 K < .00150 .0016 0.0041 0.0085 0.0114 0.0255 El
Notes
a) determined from delayed intensities
b) contaminated by delta-ray peak
c) assuming same delayed total intensity as the 472 keV line
d) subtraction of the 222L line, assuming an Ml assignment
e) subtraction of an activity component using out-of-beam spectrum.
f) subtraction of the 328L line, assuming an Ml assignment
g) only partially resolved from the 494 keV line
h) only partially resolved and the 410L line subtracted assuming an Ml assignment
i) electron lines not seperated and conversion coefficient is both transitions
j) subtraction of the 472L line, assuming an Ml assignment
k) subtraction of the 588L line, assuming an E3 assignment
213l) obtained from delayed intensities after subtraction of Fr component
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Two independent angular distribution experiments were performed, one 
using a hyperpure Ge detector and the other a planar Ge detector. 
Typical angular distributions are shown in figure 4.12 and both sets 
of results are given in table 4.5. The procedures followed, and 
assumptions made, in the assignment of the spins and parities have 
been discussed in section 3.4.
4.4.2 States Below the 39 ys Isomer at 1551 keV
The angular distributions for the 162, 847 and 542 keV 
transitions are very nearly isotropic and this was expected since the 
nuclear alignment was not expected to be maintained over the long time 
interval involved in the decay of the 1551 keV state. An a2 value of 
a2  = 0.22 was obtained for the sum of the 542 and 847 keV transitions 
by Beene et al. [Bee77], who measured the g-factor of the 1551 keV 
state in a liquid T1 environment. A positive a2 coefficient is 
therefore assumed for both the 542 and 847 keV transitions.
A positive a2 coefficient is consistent with a stretched E3, M2, 
E2 or mixed M1/E2 or E1/M2 assignment and the transition strengths for 
the 542 keV transition of > 33 W.u. and >7 x 10^ W.u. for M2 and E3 
transitions respectively eliminate these assignments, as do the 
conversion electron measurements. The measured a v coefficient
restricts the allowed mixing ratio for an E1/M2 mixture to be
.3 < |5 | < .5, and the smallest ratio in this interval is 4.9,
compared to the measured ratio of ot^/a^ = 3.3(8), so the E1/M2 mixture 
can be rejected. The conversion electron data will only allow a M1/E2 
mixture with a significant E2 component, and J -> J or J -> J-l 
assignments are inconsistent with the positive a2  coefficient. Thus 
the 542 keV transition is assigned unambiguously as a stretched E2 
trartsition and establishes the spin and parity of the 542 keV state as 
7+ .
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212Table 4.4: Mean-lives, branching ratios and strengths in Fr
initial
state
spin mean-life
ns
transition
keV
final
state
branching 
ratio (%)
char “I strengthW.u.
542 7+ < .6 542 0 100 E2 .031 >0.37
1389 9+ <3 847 542 100 E2 .012 >8 E-3
1551 11+ 39 ys* 162 1389 100 E2 1.25 1.1E-3
1880 12+ <3 328 1551 100 Ml .546 >2 E-3
2338 13+ <3 458 1879 100 Ml .223 >9 E-5
2492 15" 870(40) 612 1879 100 E3 .073 >22(1)
2496 14" < 3 158 2338 100 El .155 >2 E-5
2613 14+ < 2 275 2338 47(8) Ml .885 >2 E-4
732 2613 53(8) E2 .016 > 1 E-2
2952 16+ <3 339 2613 58(6) E2 .102 > .43
460 2492 42(5) El .014 >5 E-7
2964 16" <2 472 2492 94(9) Ml .205 > 1 E-4
468 2496 6(2) E2 .043 > .011
3241 17" <2 289 2952 7(1) El .038 >3 E-7
277 2964 32(3) Ml .867 >2 E-4
748 2492 61(4) E2 .015 > .011
3256 (16,17)"*" <2 304 2952 100 Ml .67 >5 E-4
3751 (17,18)+ <2 495 3256 100 Ml .22 > 1 E-4
3583 19" <2 342 3241 100 E2 .454 >1.06
4082 (18,19) <2 331 3751 100 Ml .533 >3 E-4
4447 <2 365 4082 100 Ml .408 >2 E-4
El .022 >3 E-6
4025 20" <3 442 3583 100 Ml .24 >1 E-4
4137 20" <3 111 4025 9(9) Ml 11 > 3 E-4
553 3583 91(9) Ml .134 >6 E-5
4499 3 362 4137 100
4547 21~ <3 410 4137 41(4) Ml .30 >6 E-5
521 4025 55(4) Ml .16 >4 E-5
4834 22+ 6.1(5) 287 4547 100 El .038 1.8(2)E-6
5056 23+ <3.5 222 4834 80(20) Ml 1.60 >3 E-4
5266 24+ <3 210 5056 100 Ml 1.87 >5 E-4
5803 25+ 3 537 5266 100 Ml .146 >6 E-5
5854 27~ 450(30) 588 5266 100 E3 .082 56(7)
6776 28" <3 921 5854 100 Ml .035 >2 E-5
6977 27 <2 632 6344 47(4) Ml .094 >1 E-5
El .007 >3 E-7
201 6776 53(4) Ml 2.11 >5 E-4
El .088 >1 E-5
7660 29 + <3 1316 6344 100 El .002 >4 E-8
From [Bee77].
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COS20
Figure 4.12: Angular distributions.
212Selected angular distributions for transitions in Fr are shown 
and the data have been normalized so that the 90° point is unity. 
The distributions for the 287 and 210 keV transitions were 
obtained in the experiment using the planar detector, the 
remainder with the hyperpure Ge detector. The solid curves are 
obtained by fitting a function of the form 
I = a2 P2(cos0) + a^ P^(cos0)) to the data.
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Table A.5: Energies, intensiti^^ and distributions
of gamma-rays in Fr
Hyperpure Ge Detector Planar Ge Detector
Energy aQ a2 a4 aQ a2 a4
1 3 0 . 0 ( 3 ) C 8 ( 1 ) - . 4 3 ( 1 9 ) 1 1 ( 1 ) - . 0 1 4 ( 2 6 )
1 5 8 . 0 ( 3 ) C 3 9 ( 2 ) - . 1 3 ( 1 1 ) 2 8 ( 2 ) - . 2 7 ( 1 7 ) . 1 8 ( 2 7 )
1 6 2 . 0 ( 1 ) 4 4 0 ( 2 ) . 0 2 ( 1 ) . 0 1 9 ( 1 5 ) 4 4 0 ( 4 ) . 0 9 ( 2 ) . 0 2 ( 3 )
2 0 1 . 2 ( 3 ) C 3 1 ( 1 ) - . 7 7 ( 6 ) . 2 2 ( 1 0 ) 2 3 ( 2 ) - . 0 9 ( 1 7 )
2 1 0 . 2 ( 1 ) 1 0 6 ( 4 ) - . 2 2 ( 6 ) - . 0 2 ( 6 ) 9 7 ( 2 ) - . 2 4 ( 3 ) - . 0 3 ( 6 )
2 2 1 , 9 ( 3 ) a 9 2 ( 5 ) . 2 9 ( 1 1 ) - . 0 2 ( 1 6 5 ) 9 8 ( 4 ) . 2 6 ( 1 1 ) . 0 4 ( 1 6 )
2 5 3 . 5 ( 3 ) 3 0 ( 1 ) - . 7 9 ( 6 )
2 7 3 . 6 ( 3 ) C 2 5 ( 1 ) - . 2 1 ( 9 ) . 1 0 ( 1 4 )
2 7 5 . 0 ( 3 ) C 4 5 ( 1 ) - . 1 3 ( 5 ) . 0 0 9 ( 7 6 ) 3 3 ( 2 ) - . 4 0 ( 1 7 ) . 0 4 ( 2 6 )
2 7 7 . 0 ( 1 ) 1 2 5 ( 2 ) - . 2 8 ( 2 ) . 0 6 ( 2 ) 1 0 6 ( 2 ) - . 2 6 ( 6 ) . 0 3 ( 9 )
2 8 7 . 3 ( 1 ) 2 5 5 ( 4 ) - . 1 8 ( 3 ) • 0 7 ( 4 ) 2 6 2 ( 3 ) - . 1 6 ( 2 ) . 0 3 ( 4 )
2 8 9 . 3 ( 2 ) c 2 6 ( 1 ) - . 1 0 ( 7 ) - . 0 3 ( 9 ) 2 9 ( 3 ) . 2 3 ( 2 3 )
3 0 4 , 5 ( 3 ) c 6 4 ( 1 ) . 1 0 ( 3 ) . 0 3 ( 3 ) 6 9 ( 3 ) . 2 3 ( 9 ) . 1 4 ( 1 5 )
3 2 8 . 4 ( 2 ) 5 3 5 ( 3 ) - . 1 7 9 ( 8 ) . 0 3 ( 1 ) 6 2 2 ( 4 ) - . 2 0 ( 2 ) . 0 4 ( 3 )
3 3 1 . 0 ( 3 ) C 4 4 ( 2 ) - . 0 8 ( 7 ) . 0 3 ( 1 0 ) 4 4 ( 3 ) - . 4 5 ( 2 0 ) . 1 5 ( 3 2 )
3 3 9 . 3 ( 3 ) C 8 8 ( 1 ) - . 0 3 1 ( 2 8 ) . 0 1 3 ( 3 9 ) 7 7 ( 4 ) . 0 9 ( 1 0 )
3 4 2 . 6 ( 2 ) 4 2 1 ( 1 3 ) . 2 1 ( 1 ) - . 0 4 ( 2 ) 4 4 0 ( 4 ) . 2 2 ( 2 )
3 6 1 . 9 ( 3 ) C 8 ( 1 ) - . 1 4 ( 2 6 )
3 6 5 . 3 ( 2 ) ° 3 3 ( 1 ) . 3 3 ( 5 ) . 2 2 ( 9 )
4 0 9 . 6 ( 1 ) 8 1 ( 1 ) - . 3 2 ( 3 ) . 0 2 ( 5 ) 9 7 ( 4 ) - . 4 5 ( 1 1 ) - . 1 4 ( 1 9 )
4 4 2 . 0 ( 2 ) 2 0 9 ( 2 ) - . 3 9 ( 1 ) . 0 1 4 ( 1 9 ) 2 3 3 ( 5 ) - . 3 3 ( 5 ) • 1 4 ( 7 )
4 5 7 . 9 ( 2 ) ° 7 6 ( 1 ) - . 5 1 ( 2 ) . 0 4 ( 4 )
4 5 9 . 5 ( 2 ) ° 6 4 ( 1 ) - . 1 6 ( 3 ) . 0 2 ( 4 )
4 6 8 . 0 ( 5 ) ° 1 5 ( 1 ) . 0 9 ( 1 7 )
4 7 1 . 9 ( 1 ) 2 1 9 ( 2 ) - . 6 6 ( 1 ) . 0 7 ( 2 ) 2 5 2 ( 6 ) - . 5 0 ( 6 ) . 0 7 ( 1 0 )
4 9 0 . 1 ( 2 ) 5 9 ( 2 ) - . 5 0 ( 4 ) . 0 6 ( 6 )
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Hyperpure Ge Detector Planar Ge Detector
Energy aQ a2 aQ a2 a4
494.6(2) 56(2) -.67(4) .04(7)
521.4(2) 107(2) -.29(3) -.01(5)
529.0(3)C 92(2) .08(4)
536.9(2)C 62(3) -.20(7) .01(10)
542.2(1) 1000(4) .017(8) -.002(12)
553.7(2) 151(2) -.39(3) .04(3)
588.3(2)b 180(10) .18(3) -.05(4)
595.0(3) 22(2) .22(13)
612.4(1) 592(3) .11(1) .01(1)
619.4(3)C 33(2) -.04(10)
632.1 (3)C 27(2) -.19(8)
732.6(3) 44(2) .17(7)
739.6(3) 16(1) -.63(12)
748.8(1) 236(3) .24(2) -.047(27)
808.1(3)C 40(1) -.32(6)
847.2(2)d 1070(10) -.005(14)
881.3(3)C 53(2) -.10(5)
883.3(3)C 42(2) .01(7)
921.5(3) 38(2) .47(6)
987 .8(4)c 75(2) -.30(4)
990.0(5)C 48(2) .14(6)
1315.6(5)C 98(2) -.58(17)
Notes
V) Corrected for contamination from 588.4 keV line in ^^Po (12% total 
intensity).
213c>) Corrected for contamination from Fr.
c) Areas extracted by fits to the data where neighbouring peaks in the 
fitting region form a significant contribution to total area.
d) Contaminated by Fe(n,n') line. Intensity from delayed spectrum.
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The positive a2 coefficient for the 847 keV suggests the 
assignment of stretched E3, M2, E2 or mixed M1/E2 or M2/E1 character 
for this transition. The transition strengths eliminate the E3 and 
higher order assignments (S(E3) > 678 W.u.), however the required M2
strength, 0.9 W.u., is just smaller than the recommended upper limit 
of 1 W.u. The conversion electron measurements allow the rejection of 
all pure assignments except a pure E2 assignment which is preferred, 
although a mixed M1/E2 J -* J-l assignment or mixed M2/E1 assignments 
for either J -> J or J ■> J-l cannot be rejected. The isotropic 
distribution for the 162 keV transition is consistent with any 
assignment, however the strength required for the transition excludes 
the pure E3 and higher assignments. The total conversion coefficient, 
= 1.23(13) is inconsistent with all pure assignments except a pure 
E2 assignment, which is made to the transition, although a mixed 
transition cannot be rejected on the basis of the present data.
4.4.3 Assignments below the State at 3241 keV
The angular distribution for the 328 keV transition indicates a 
J J-l dipole transition. The conversion electron measurement
allows only a Ml assignment and confirms the spin and parity of the 
1880 keV state as 12+ .
The present work establishes a network of states connecting the 
state at 3241 keV to the state at 1880 keV. The strongest branch 
consists of a decay through the isomer at 2492 keV by gamma-rays of 
energy 749 and 612 keV. The positive a2 coefficient measured for the 
612 keV transition is consistent with an attenuated distribution from 
a stretched E3, E2, M2 or mixed M1/E2 or E1/M2 transition. The pure 
quadrupole assignments are rejected on the basis of the measured , 
and conversion electron coefficients. The c^/a^ ratio obtained
Ill
in this experiment, 1.6(2), is in good agreement with a pure E3 
assignment and allows the rejection of either an M1/E2 or E1/M2 
mixture which require a^/a^ ratios of 3.2-5.7 and 4.8-5.7 
respectively. An E3 assignment is made unambiguously to the 612 keV 
transition and the measured E3 strength of 22 W.u. is in agreement 
with E3 strengths observed in this region. The 749 keV transition has 
a positive a2 coefficient and small negative a4 value allowing 
assignments of stretched E3, M2, E2 or mixed M1/E2 or E1/M2 character. 
The pure M2 and E3 assignments are rejected on the basis of both the 
required transition strengths and the measured conversion 
coefficients. The conversion electron data, considered with the 
angular distribution measurement, exclude a mixed M1/E2 assignment. A 
pure E2 assignment is preferred for this transition although a mixed 
E1/M2 assignment cannot be rigorously excluded. The allowed spins and 
parities for the state at 3241 keV determined by the 749-612 cascade 
are 17” or 16+ .
Another cascade via pair of transitions of energy 277 and 472 keV 
connects the state at 3241 keV to the 15- state at 2492 keV. The 
472 keV transition has a large negative a2  coefficient, a2 = -.66(1), 
and very small a^ coefficient»indicating a mixed dipole/quadrupole 
J J-l transition. The conversion coefficient is not consistent 
with a E1/M2 mixture and an M1/E2 assignment, with 0.2 < -6 < 0.8, 
is made to this transition, so that the 2964 keV state has spin and 
parity 16~. The angular distribution for the 277 keV transition also 
indicates a J J-l transition. The total conversion coefficient, 
which was determined from the delayed intensities for the 277 and 
472 keV transitions, allows the rejection of an E1/M2 mixture. The 
spin and parity assignment of the 3241 keV state is thus established 
as 17" and the pure E2 character of the 749 keV transition confirmed.
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A third pathway connects the 17 state, at 3241 keV, to the 
2492 keV state. The intermediate state, at 2952 keV, is also 
de-excited by transitions which bypass the isomer and feed the 12+ 
state at 1880 keV. The 458 keV transition (2338-1880 keV) has a large 
negative a2 coefficient indicating a mixed J -* J-l dipole transition. 
The VS?> W\l electron line is contaminated by 
the 460 keV transition which de-excites the state at 2952 keV and has 
a stretched dipole angular distribution. The combined conversion 
coefficient, = 0.069(18), is only consistent with either a mixed 
M1/E2 and El combination or a mixed E1/M2 and El combination. The 
strength of the M2 component required to produce the observed 
conversion coefficient for the latter combination is S(M2) >1.6 W.u., 
which is greater than the recommended upper limit. The assignments of 
mixed M1/E2 character and El character are therefore made to the 458 
and 460 keV transitions respectively establishing the spin and parity 
of the 2338 keV state as 13+ and the 2952 keV state as 16+ .
The 732 keV transition is in parallel with the 458 keV transition 
and de-excites a state at 2613 keV. The positive a2 coefficient for 
this gamma-ray suggests a stretched E3, E2, M2 or mixed 
dipole/quadrupole assignment. The strength of the transition allows 
the rejection of the pure E3 and pure M2 assignments (S(E3) > 712 and 
S(M2) > 1.1). Since the conversion electron coefficient was not 
determined for this transition the assignment to the 2613 keV state 
can only be limited to 12 , 13 or 14+ . The 2613 keV state also 
decays by a 275 keV transition to the state at 2952 keV. The J -* J-l 
dipole assignment, based on the angular distribution for this 
transition, gives a spin assignment of 14 to the state at 2613 keV, 
and only the 14+ assignment is consistent with the properties of both 
decay paths. The 339 keV transition feeds the 2613 keV state,
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however, due to contamination by the strong 342 keV transition, its 
angular distribution was not well determined. Nevertheless the limit 
on the lifetime of the state at 2952 keV allows the rejection of E3 or 
M2 assignments for the 339 keV transition. The spin of the 2613 keV 
state has been determined from other transitions as 14, and that of 
the 2952 keV state 16, requiring a stretched quadrupole assignment for 
the 339 keV transition. Only the E2 assignment is allowed for the 
339 keV transition, thus the positive parity of the 2952 keV state is 
confirmed.
A decay path is assigned from the 16 state at 2964 keV to the 
13+ state at 2338 keV. The angular distribution for the 158 keV 
transition (2496-2338 keV) indicates a dipole J ■ + J-l transition. 
Assuming that the total delayed intensity of the 158 keV transition is 
due only to feeding by the 468 keV transition, the possible 
assignments for the 468 and 158 keV transitions are dipole and El or 
E2 and El. Other combinations require additional feeding to or from 
the state at 2496 keV. The spin change of this cascade Aj = 3 is 
determined from other pathways and allows only an E2 assignment for 
the 468 keV transition and an El assignment for the 158 keV 
transition. The spin and parity of the state at 2492 keV is thus 
assigned tentatively as 14- .
4.4.4 Assignments to States Below the 450 ns Isomer at 5854 keV
The 342 keV gamma-ray connects the 3583 keV state to the 17
state at 3241 keV. Its positive a2 coefficient and small negative a^
coefficient indicate a stretched E3, E2, M2 or mixed dipole/quadrupole
character. The limit on the lifetime of the state allows the
rejection of the pure M2 and E3 assignments, as does the
coefficient. The angular distribution is not consistent with the
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mixing ratio values allowed for a M1/E2 mixture by the conversion 
electron measurement. A stretched E2 assignment is preferred for this 
transition, however a mixed E1/M2, J J (0.1 < 6 < .2) assignment 
cannot be rejected.
Two branches connect the state at 3583 keV with the state at 
4547 keV. In the first branch the distribution for the 442 keV 
transition (4025-3583 keV) indicates a mixed J -> J-l transition and 
the conversion electron coefficients suggest an M1/E2 mixture with 
0.06 < 6 < .25 leading to a spin and parity of 20 for the 4025 keV 
state. The 521 keV transition (4547-4025 keV) has a distribution 
which allows only a J -> J-l assignment and the electron conversion 
measurement eliminates the El possibility. On the basis of these 
assignments the spin and parity of the 4547 keV state is established 
as 21 .
In the second branch the 553 keV transition feeds the state at 
3583 keV and has a distribution indicating a mixed dipole/quadrupole 
J -> J-l transition. The conversion electron measurement eliminates 
the E1/M2 assignment and gives a mixed M1/E2 assignment with 
.06 < -6 < .4, thus a spin and parity of 20~ is assigned to the 
4137 keV state. The 410 keV transition which connects this state with 
the state at 4547 keV has a distribution which indicates a J - + J-l 
transition. The conversion coefficient for this transition allows the 
E1/M2 assignment to be rejected, so that the spin and parity of the 
state at 4547 keV is independently confirmed as 21-. The coincidence 
data indicate a connection between the 20 states at 4137 and 
4025 keV, however the connecting transition was not observed and this 
is consistent with a highly converted Ml transition between these two 
states. The limit on the strength of an Ml transition of energy
-li111 keV is > 3.4 * \0 W.u. A transition of energy 362 keV was assigned
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as feeding the 4137 keV state, however the distribution for this line 
was only poorly determined, so that spin assignments of 19, 20 or 21 
are allowed for the 4499 keV state.
The 287 keV transition decays from the 6.1 ns state at 4834 keV 
and the distribution for this transition indicates a dipole J -> J-l 
transition. The limits on the and conversion coefficients,
Op < .3 and < .14 are sufficient to eliminate the Ml assignment.
The spin and parity of the state at 4834 keV is thus established as
22+ .
The angular distribution for the 222 keV transition 
(5056-4834 keV) obtained after subtraction of a contaminant from 
213Fr, is a2 = 0.29(11), a^ = -0.02(16) and is consistent with an 
assignment of ^stretched E3, E2, M2, or mixed dipole/quadrupole
character. The strengths necessary for an E3 or M2 transition are too 
great to allow such assignments. The total conversion coefficient of 
Op = 1.5(3) is not consistent with a pure E2 assignment but taken with 
the distribution results either a mixed M1/E2 J J-l transition with
0.3 < 6 < .7 or a mixed E1/M2 transition with 0.4 < 6 < 0.65. 
The latter assignment is rejected since the required M2 strength for 
such a mixture is greater than 48 W.u. The spin and parity of the 
state at 5056 keV is thus assigned as 23+ . A dipole J J-l
assignment is made to the 210 keV transition (5266-5056 keV) on the 
basis of the angular distribution, and the total conversion 
coefficient determined from the delayed intensities is sufficient to 
eliminate the El assignment. The coefficient was measured for this 
transition and also is inconsistent with an El assignment. The spin 
and parity of the state at 5266 keV is established as 24+ .
The 588 keV transition which de-excites the 450 ns isomer at 
5854 keV has a positive a^ coefficient stretched E3, M2, E2 or mixedA.
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dipole/quadrupole character. The conversion electron measurements are 
not consistent with the pure quadrupole assignments and a mixed 
assignment cannot explain the observed a^/a^ ratio of 1.6(5) 
(aK/aL(Ml/E2) = 3.1-5.7 and aK/aL(El/M2) = 4.8-6.0). The spin and 
parity of the state at 5854 keV is established as 27 . The E3 
strength of this transition, on the assumption that no unobserved 
transitions also dexcite this state, is 56(7) W.u.
4.4.5 Assignments to Transitions Parallel to the Main Cascade
The positive a2 coefficient for the 304 keV transition 
(3256-2952 keV) allows the assignment of E3, E2, M2 or mixed 
dipole/quadrupole character. The limit obtained for the lifetime of 
the state means that the required strength for an E3 or M2 transition 
is too large for these assignments. The and conversion 
coefficients are not consistent with a pure E2 assignment. The 
allowed assignments for the state at 3256 keV are 16+ or 17 + . The 
495 keV transition (3751-3256 keV) has a large negative a2 coefficient 
which indicates a mixed J J-l transition. The conversion electron 
measurement is not consistent with the E1/M2 mixture so that the spin 
and parity of the state at 3751 keV is 17+ or 18+ .
Although the distributions for the 881, 331, and 274 keV 
transition have distributions indicatwAc^dipole J J-l transitions 
firm assignments could not be made for any of the remaining 
transitions which feed the 3751 keV state.
4.4.6 Assignments Above the 450 ns Isomer at 5854 keV
The large negative a2 coefficient of the 490 keV transition 
(6344-5854 keV) indicates a mixed J -* J-l transition and the E1/M2 
mixture is rejected on the basis of the a^ r conversion coefficient. 
Thus the spin and parity of the 6344 keV state is established as 28 .
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The 632 keV transition (6977-6433 keV) has a negative a2 coefficient 
suggesting a stretched dipole assignment, however the conversion 
coefficient for this line was not obtained, so that only a spin 
assignment of 29 can be made to the 6977 keV state. The 921 and 
200 keV transitions form a second path way connecting the 6977 and 
5854 keV states. Both transitions have distributions indicating a 
mixed J J-l assignment. The conversion coefficient of the 921 keV 
transition was obtained and this value allows rejection of the E1/M2 
assignment leading to the assignment of 28” for the 6776 keV state. 
The conversion coefficient for the 201 keV transition could not be 
determined from the present data, but it does confirm the spin 
assignment to the 6977 keV state as 29.
The angular distribution for the 1316 keV transition indicates a 
mixed dipole/quadrupole J -*■ J-l assignment. A limit of < 0.0015 
was obtained from the conversion electron measurement and this in 
conjunction with the angular distribution is sufficient to reject the 
M1/E2 assignment so that spin and parity 29+ is assigned to the 
7659 keV state. The data indicate that a 595 keV transition feeds the 
7659 keV state, however since only an value was obtained 
for this transition a definitive assignment to the state at 8254 keV 
could not be made.
4.5 g-FACTOR MEASUREMENTS
The g-factors of the isomeric states at 5854 and 2492 keV were 
measured using the time differential perturbed angular distribution 
technique (see section 2.9), with an applied field of 2.41(2)T. The 
ratio spectra for the 588 and 612 keV transitions are shown in figures 
4.13 and 4.14. The results are summarized in table 4.6 which gives 
the values of the g-factors corrected for the Knight shift and
118
diamagnetism. The g-factor of the 2492 keV state, 
g(uncorrected) = 1.03(1), was obtained by fits to the 612 and 328 keV 
transitions. An uncorrected g-factor of g = 0.80(1) was obtained for 
the 5854 keV state by fits to the 588 keV transition and fits to 
dipole transitions in the main cascade. A g-factor of g = 1.0(2) was 
obtained from the observation of the phase shift of the modulation 
pattern in the fits to the 553, 410, 521 and 442 keV transitions, 
which unlike the 287 keV transition, showed large anisotropies. The 
large error in this value occurred because the experiment was designed 
to determine the g-factors of much longer lived states. The long 
mean-life of the state at 1551 keV (39 ps) prohibited the measurement 
of this g-factor in the present work, however this value has been 
measured using the stroboscopic resonance technique by Beene et al. as 
g(uncorrected) = .89 [Bee77].
E,= 612 keV
R(t) 0
time (ns)
Figure 4.13: Ratio spectrum for the 612 keV transition.
The 612 (2492-1880) keV transition directly de-excites the 870 ns 
15 state. The g-factor for this state was determined by a two 
level fit to the data.
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time (ns)
Figure 4.14: Ratio spectrum for the 588 keV transition.
The 588 keV transition directly de-excites the 450 ns state at 
5854 keV. The solid curve is a single level fit to the data and a 
g-factor of 0.80(1) was obtained for this state. The data points 
do not extend fully to zero time because a veto was used to remove 
the prompt time peak.
Table 4.6
J
fl
Mean-life
ns
g(uncorrected) g(corr)*
27" 450(30) 0.80(1) 0.81(1)
22+ 6.1(5) 1.0(2) 1.0(2)
15" 840(40) 1.03(1) 1.04(1)
g(corr) = g(uncorrected)/((l-ö)(1+K)) ö = 1.97%, K = .89%
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CHAPTER 5
EXPERIMENTAL RESULTS FOR 211Fr
5.1 INTRODUCTION 
203 13The Tl( C,5n) reaction was the main one used to populate
states in 2^Fr, although the 2(~^T1( ^ 2C,6n) reaction was used for the
203initial measurements since a T1 target was not available at that
time. The experiments performed specifically to populate states in 
21 1Fr are listed in table 5.1. In addition to these measurements, the
212experiments performed for the Fr nucleus, particularly the chopped
211beam and excitation functions, also provided data for the Fr 
nucleus.
21 1The level scheme for Fr, shown in figure 5.1, summarizes the
results of the present work. Prior to this study no excited levels in
211 211Fr had been assigned. The identification of levels to Fr is
discussed in section 5.2 and the spin and parity of these levels in
section 5.4.
The singles gamma-ray spectrum, obtained in a Compton suppressed
203 13Ge(Li) detector during bombardment of a T1 target with a C beam 
at 89 MeV, is shown in figure 5.2a. All the lines which are marked 
show coincidences with the characteristic Fr X-rays establishing that 
they occur from de-excitation of Fr nuclei. Verification that they 
are produced from decays in Fr was obtained from the excitation 
functions. (The excitation function for the sum of the 653, 800, and 
233 keV transitions has been presented in chapter 4, figure 4.Z.) The 
coincidence and timing data identified three isomers: at 4657 keV
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Table 5.1: Measurements for 211
Measurement Reaction Energy (MeV)
gamma-gamma coincidences
i) two Compton suppressed Ge 
detectors 203T1(13C,5n)211Fr 89
ii) Ge(Li) and planar Ge detectors3 205t1(12C)6n)211Fr 96
gamma-neutron coincidences x-n 
i) Ge(Li) and NE213a 205t1(12C s 5n)211Fr 96
ii) planar Ge and NE213a •
gamma-ray angular distributions 
i) hyperpure Ge detector 2°3T1(13C,5n)211Fr 89
conversion electron measurements 
timing measurements 
i) pulsed beam 1 ns/108 ns natTl(12C,xn)211Fr *
g factor measurements natTl(12C,xn)211Fr *
* thick target 
a same bombardment
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(8230)
(7822)
(7031)
6560
6259
6182
5556
5303
5196
4657
4369
3929
3602
3244
2980
2423
2310
2242
I860  
I 686
1453
1026
653
301
4 0 8
791
471
l
77
----- T-----
626(Ml/E2)
378
703(MI)
6024-
5786-
899(MI/E2)
827 934
(51/2)
.(49 /2 ") 
■ 4 9 /2 "
238
1367
1525
(4 9 /2  ) 
(4 7 /2 “ )
— 4 7 /2 '
1128
4 4 01
4 l/2 728(E3)
327(MI)
357(E2)
264 (MI/E2)
82KE2) 55KMI/E2)
113 (E2) I
382 450(EI) 563(E3)l__
174 (Ml)
233(E2)
8C 0(E2)
m  69\ 374
583------
—
4 5 /2 " -
3 9 /2  + 
37 /2  +
33/2  + 
3 l/2  +
2 9 /2 '
2 5 /2 '
2 3 /2 ' 
21 / 2 ' 
I 7 /2
13/2'
11/2
9 /2
178ns
210 ns
3 ns
Fr
O ]  1Figure 5.1: Fr level scheme.
The width of the transitions indicates the gamma-ray intensities. 
The mean-lives of the long lived states are indicated to the right 
of the diagram and tentative assignments are indicated by 
parentheses.
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(178 ns), 2423 keV (210 ns) and 1686 keV (3 ns). Thus the delayed
12 205spectrum obtained using a C beam on a T1 target in the chopped
beam experiment, shown in figure 4.6, also shows many of the
211transitions assigned to Fr.
(b) electrons
energy (keV)
Figure 5.2: (a) Singles gamma-ray spectrum obtained in a Compton
suppressed Ge(Li) detector at 55° to the beam direction.
(b) The conversion electron spectrum in a Si(Li) detector taken at
the same time. The energy scale is appropriate for the K
conversion line in Fr. In both spectra the transitions assigned 
21 1to Fr are marked.
The gamma-gamma coincidence data was used to assign all 
211transitions to Fr and the coincidence spectra for the transitions 
which de-excite states between the two long lived isomers at 4657 keV 
and 2423 keV are shown in figure 5.3. These spectra obtained by 
selecting in turn early, prompt and late regions of the time spectrum, 
show most of the transitions which have been assigned to Fr.
co
u
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(a) Early projection
(b) Prompt projection
2000
1000
(c) Late projection4000
FrX-rays
2000
563 583
800
energy (keV)
Figure 5.3: The sum of the early, prompt and late projections for the
264, 327, 357 , 557 , 728 and 821 keV transitions. Figure 5.3a
shows all the gamma-rays which occur in an interval of 40-900 ns 
before the gated gamma-ray. The middle panel shows gamma-rays 
which are in coincidence within an interval of i 40 ns and figure 
5.3c shows gamma-rays which occur in an interval of 40-900 ns 
after the gated gamma-ray. x •
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5.2 211Fr LEVEL SCHEME
5.2.1 States Below the 210 ns Isomer at 2423 keV
The gamma-gamma coincidence spectrum given in figure 5.3c is a 
sum of the late coincidences with gates on the strong transitions 
above the 2423 keV state. It shows all transitions which de-excite 
the 210 ns state at 2423 keV. The ordering of these transitions is 
based on the observation of a 3 ns mean-life for the state at 
1686 keV, on the prompt-to-delayed intensity ratios obtained from both 
the chopped beam and pulsed beam experiments, and on the placement of 
transitions of energy 382.5 and 373.7 keV which feed the 1860 and 
653 keV states respectively. The existence of a 69.5 keV transition, 
suggested by the observation of the 583 keV transition in the delayed 
coincidence spectrum (figure 5.3c), and the placement of the 
transition parallel to the 653 keV transition is confirmed by the 
coincidence spectra obtained using the planar Ge detector. 
Projections with gates on the 800 and 653 keV transitions shown in 
figure 5.4. The 69.5 keV transition, marked in the spectrum for the 
800 keV transition, is not observed in coincidence with the 653 keV 
transition, but does occur in coincidence with the other transitions 
assigned below the isomer at 2423 keV.
5.2.2 States Below the 178 ns Isomer at 4657 keV
The prompt coincidence spectra for the main transitions which 
de-excite states between the isomers at 4657 and 2423 keV are shown in 
figure 5.5. These spectra clearly show that the 264, 327 , 357 , 557 , 
and 728 keV transitions are in cascade and that the 821 keV transition 
is parallel to the 264 and 557 keV transitions. The assignment of the 
weaker transitions of energy 440, 827 and 934 keV, as decaying
parallel to the 728 keV transition is determined by their presence in
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energy (keV)
Figure 5.4: Prompt coincidence spectra obtained by projecting the
planar Ge detector with digital gates set on the 800 keV and 
653 keV transitions in the Ge(Li) detector. The 69.5 keV
transition (653-583 keV) appears only in the 800 keV spectrum.
the projections for other transitions in the main cascade, but not in 
the projection for the 728 keV gate. The 728 keV transition is placed 
as directly de-exciting the isomer on the basis of the 
prompt-to-delayed ratios and the observation of a group of 
which bypass the 4657 keV state. These show coincidences with all 
transitions in the main cascade except with the 728 keV line. The 
ordering of the remaining transitions is based on the prompt-to- 
delayed ratios obtained in both the chopped beam and pulsed beam data.
5.2.3 States Above the 178 ns Isomer at 4657 keV
The early coincidence spectrum given in figure 5.3a shows all the
500-
0
500
0
500
0
lh
"c
§  500
0
500
0
500
127
energy (keV)
5.5: Prompt coincidence spectra for the 728, 327, 357, 264,
and 821 keV transitions. These spectra form the main cascade 
en the isomers at 4657 and 2423 keV.
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gamma-rays which feed the 4657 keV state. The relationships between 
these transitions are determined from the prompt coincidence spectra 
for the 301, 626 and 899 keV transitions are shown in figure 5.6.
»W  WU *s*V*»t»*J
Po ■
/ 471
100000 800 
energy (keV)
Figure 5.6: Prompt coincidence spectra for the 301 (6560-6295), 626
(6182-5556) and 899 (5556-4657) keV transitions. These spectra 
show gamma-rays assigned above the 178 ns level at 4657 keV.
The placement of the transitions up to the state at 6560 keV, 
shown in figure 5.1, is the only one consistent with the coincidence 
data, but the ordering of the three transitions which feed this level 
is based only on the gamma-ray intensity measurements. The gamma-ray
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corresponding to a transition of energy 77 keV (6259-6182 keV) was not 
observed in the present work, but a transition is assigned on the 
basis of coincidences between the 626 and 301 keV transitions. (See 
the prompt coincidence projections for these transitions in figure 
5.6.)
Virtually all of the transitions assigned above the 4657 keV
state were contaminated by in-beam or activity lines and while this
2 1 1did not prevent the assignment of transitions to Fr, it made the 
extraction of further information more difficult.
In addition to the transitions placed in the level scheme, 
gamma-rays of energy 160.5, 429.0, 568.7, 870, 1044 and 1125 keV were 
observed strongly in the early spectra for transitions below the 
4657 keV isomer (figure 5.3a). Early coincidence spectra (which show 
gamma-rays which occur in a time interval of 30-650 ns before the 
selected gamma-ray) were obtained for transitions assigned above the 
4657 keV isomer. Those with gates on the 471 , 626, and 899 keV
transitions show the 429, 568, 1044 and 1125 keV transitions which may 
therefore feed a long lived state above the 7031 keV state. However 
the weakness of the transitions above the 4657 keV state prevented 
definitive placement in the level scheme.
5.3 LIFETIMES
211Three long lived states were assigned to Fr at energies 1686, 
2423 and 4657 keV. The mean-life of the 1686 keV state was determined 
by fits to the time spectra in the pulsed beam experiment and an 
example of a fit to the 233 keV transition has been presented in 
chapter 2 (figure 2.9).
The 210(20) ns mean-life of the 2423 keV state was determined by 
fits to the data obtained in the chopped beam, pulsed beam (g-factor),
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n-gamma, and gamma-gamma experiments. The time spectrum from the 
gamma-gamma experiment is shown in figure 5.7. The mean-life of the 
4657 keV state was determined from an analysis of the time spectra 
from the neutron-gamma coincidence experiment and the chopped and 
pulsed beam experiments. The sum of the neutron-gamma coincidence 
projections for the 264 , 357 , 557 , 728 and 821 keV transitions is 
shown in figure 5.8. Also shown is the data from the g-factor 
experiments for the 728 keV transition.
start 233,450.653.800
stop 327.357.728,821
7 = 210ns
start 653
stop 800
500 
time (ns)
Figure 5.7: Decay curve for the 2423 keV state obtained from the
gamma-gamma coincidence experiment by gating on the 821, 728, 357 
and 327 keV transitions in the start detector and the 800, 653, 
450 and 233 keV transitions in the stop detector and projecting 
the time axis. A fit to the data gives the mean-life of the 
2423 keV state as 210 ns. Also shown is the time spectrum 
obtained by gating on the 653 keV transition in the start detector 
and the 800 keV transition in the stop detector. The pulsed beam 
experiment showed a state with a < i ns mean-life intermediate 
between these transitions.
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pulsed beam - *
x - 178 ns
I 264.357.557.728.821
800 600 400 200
time (ns)
Figure 5.8: Decay curve for the 4657 keV state obtained in the
neutron-gamma coincidence experiment. The mean-life determined 
from these data was 178(20) ns. The upper panel shows the decay 
curve for the same state obtained by gating on the 728 keV 
transition and projecting the time axis in the g-f actor 
experiment. The modulation due to procession in the magnetic 
field has been removed by summing the spectra from the two 
detectors.
The pulsed beam experiment was performed with a beam on a 
natural T1 target so that all three nuclei under study were populated 
simultaneously. While reasonable yields for transitions below the
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4657 keV state were produced, other states were only weakly excited 
and this, coupled with the contamination of the lines, prevented 
identification of long lived states above this level. An earlier test 
of the pulsing system was performed with the ^^Tl(^C,5n) reaction 
and time spectra obtained in this experiment are shown in figure 5.9. 
These data indicate a 7 ns mean-life at, or above, the 6182 keV state, 
however a definite assignment could not be made.
pulsed beam -
?  = 7 n s ^ .
time (ns)
Figure 5.9: Decay curves for the 899 and 821 keV transitions obtained
9D8 13 211in a pulsed beam experiment using A JT1( C,5n) Fr reaction. 
A fit to the data for the 899 keV transition results in a 
mean-life of 7 ns. The mean-life of the state de-excited by the 
821 keV transition was determined from other data as ^2 ns.
The lifetimes and limits obtained in these experiments are given 
in table 5.3. Most of the limits were obtained from the pulsed beam
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experiment. Analysis of the slope of the decay curve and the centroid 
shift of the prompt peak showed that no lifetime greater than 2 ns 
occurred between the two isomers at 4657 and 2423 keV.
5.4 SPIN AND PARITY ASSIGNMENTS
211The ground state spin of Fr has been measured as 9/2 using
atomic beam magnetic resonance [Eks79]. Within the shell model the 
21 1ground state of Fr is interpreted as a single h g ^  ptoton coupled 
to a pair of neutron holes which are coupled to a spin of zero. Hence 
the parity of the ground state will be negative and the value 9/2 is 
used as the starting point for further assignments.
The assignments are made on the basis of the angular distribution 
results (table 5.2), the conversion electron coefficients (table 5.4), 
the transition strengths (table 5.3) and the observed decay 
properties. The procedures followed, and assumptions made, in the 
assignment of the spins and parities have been discussed in section 
3.4. Typical angular distributions are shown in figure 5.10.
5.4.1 States Below the 210 ns State at 2423 keV
The angular distribution for the 653 keV transition allows the 
assignment of stretched E3, M2, E2 or mixed E1/M2 or M1/E2 character. 
The strength necessary for a pure E3 or M2 transition is not 
consistent with the observed limit on the lifetime. Pure E3 and M2 
assignments also disagree with the measured and conversion
coefficients, which can also be used to eliminate any M1/E2 mixture 
allowed by the angular distribution. The remaining assignments are 
thus a stretched E2 or a mixed M2/E1 transition, giving possible 
assignments of 13/2 , ll/2+ or 9/2+ .
A second branch, consisting of a 69.5 keV branch to the 583 keV 
state, also de-excites the 653 keV state. The 583 keV transition has
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Table 5.2: Energies, inte^^ties and placements of gamma-rays
in rr level
Energy Intensity 
Angd 55°a a2
b
a4
Level
Initial Final
76.9(5) 6259.3 6182.4
69.5(3) 652.6 583.3
112.9( 1 )C 118(2) 113(15) .09(4) .04(5) 2423.1 2310.2
173.7(1) 250(2) 275(4) -.16(1) .04(2) 1860.0 1686.3
233.4(1) 751(3) 794(9) .163(7) -.00(1) 1686.3 1452.9
237.9(2) 25(2) 8(3) -.34(11) -.38(17) 6023.8 5785.7
264.0(2) 138(2) 130(5) -.30(3) -.02(4) 3244.0 2980.0
300.7(5)e 5(10) 0 6560.0 6259.3
327.3( 1 )C 434(5) 400(16) -.23(2) .02(3) 3928.9 3601.6
357.6(1) 671(6) 647(16) .17(2) -.08(3) 3601.6 3244.0
374 .0(4)c 91(6) 1026.3 652.6
377.6(3)c 17(3) 6560.0 6182.4
382.4(4) 43(3) 2242.5 1860.0
407.9(3) 16(3) 8229.9 7822.0
429.4(3) 16(3)
440.1(2)C 124(4) d -.31(3) -.02(5) 4369.0 3928.9
450.2(1) 722(5) 753(14) -.11(1) .00(2) 2310.2 1860.0
471 .0(2)C 62(5) 17(10) -.08(17) .0(2) 7031.0 6560.0
556.8(2) 302(5) 289(7) -.51(3) .04(4) 2980.0 2423.1
563.3(3)C 120(3) 121(12) .20(4) .00(5) 2423.1 1860.0
568.9(3)
583.3(2)C 141(5) 157(5) -.26(5) .04(9) 583.3 0
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Energy Intensity 
Angd 55°a
b
a2 a4
Level
Initial Final
626.l(2)c 63(3) 54(6) -.36(8) - .23(10) 6182.4 5556.3
652.6(1) 1000(10) 1000 .16(2) .02(2) 652.6 0
703.0(3)C 74(7) 24(6) -.21(21) -.08(31) 6259.3 5556.3
728.4(2) 389(4) 319(5) .29(2) .01(3) 4657.3 3928.9
791.0(3)C 82(5) 67(5) -.09(7) - .39(10) 7822.0 7031.0
800.3(1) 1009(7) 993(14) .14(6) - .02(8) 1452.9 652.6
820.9(2) 482(4) 373(7) .20(2) .02(3) 3244.0 2423.1
827 .0(4)c 28(3) 5196.0 4369.0
899 .0(3)C 225(8) 200(6) -.33(4) .0(1) 5556.3 4657.3
934.3(5)C 126(20) 48(3) -.75(20) 5303.3 4369.0
959.5(5) 11(6)
1044.0(4)c 87(4)
1125.4(4)C 48(6) 18(4) .62(25)
1128.4(3)C 16(8) 19(3) -1.4(2) 5785.7 4657.3
1366.6(3)° 41(5) 32(3) .05(8) 6023.8 4657.3
1525.2(4) 17(3) 6182.4 4657.3
a) Intensities from i) coefficient obtained by fit to angular
distribution data and ii) Singles intensity in a Compton suppressed 
Ge detector at 55° to the beam direction.
b) Coefficients obtained by fitting a function of the form 
1(0) = 3q(1 + a2P2^COS^  + a^P^(cosö)) to the angular distribution 
data.
c) Areas extracted by fits to the data where neighbouring peaks in the 
fitting region form a significant contribution to the total area.
23d) Contaminated by a line at 339 keV from neutron excitation of Na in 
the Compton suppressor.
207e) Obta^g^d after subtraction of 300.6 keV line from Po using the 814 
keV 'Po line for normalization.
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211Table 5.3: Mean-lives, branching ratios and strengths in Fr
initial
state
spin mean-life
ns
transition
keV
final
state
branching 
ratio (%)
char aT strengthW.u.
583 11/2" a 583 0 100 M1/E2
653 13/2“ < i 69 5836(1) Ml 8.8 > .004
653 0 94(1) E2 .0205 > .056
1453 17/2" <2 800 653 100 E2 .0134 > .015
1686 21/2“ 3.0(3) 233 1453 100 E2 .33 4.0(4)
1860 23/2" <2 174 1686 100 Ml 3.1 >7 E-4
2310 25/2+ <2 450 1860 100 El .014 > 1 E-6
2423 25/2“*" 210(20) 113 2310 50(5) E2 5.64 .36(5)
563 1860 50(5) E3 .093 23(3)
2980 31/2+ <2 557 2423 100 Ml .131 >8 E-5
3244 33/2“*“ <2 264 2980 22(2) Ml .99 > 1 E—4
821 2423 78(3) E2 .013 >9 E-3
3602 37/2“*“ <2 357 3244 100 E2 .089 > .86
3929 39/2+ <2 327 3602 100 Ml .55 >3 E-4
4657 45/2" 178(20) 728 3929 100 E3 .045 33(4)
5556 47/2"b < 10 899 4657 100 Ml .03 > 4 E-6
6182 49/2" <10 626 5556 78(8) Ml .096 >9 E-6
1525 4656 24(3) E2 .004 >3 E-5
6259 49/2" <10 77 6182 12 ( 7)C Ml 6.2 >5 E-5
703 5556 88(50) Ml .07 >4 E-7
6560 51/2 <10 301 6259 22(10) Ml .69 >2 E-5
377 6182 77(35) Ml .37 >3 E-5
a) Contaminated.
b) Parities above the 45/2 state are the most likely assignments.
c) Total branching from gamma-gamma coincidence data.
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T ab le  5 . A: C o n v e rs io n  e l e c t r o n s
E N Expt
El E2
Theory
E3 Ml M2
Assignment
69 T 7 ( 4 ) a 0 .4 3 50 1700 9 200 Ml
113 T 5 . 8 ( 1 0 ) b 0 .347 5 .6 4 131. 10 .8 7 3 .3 E2
174 T 2 .9  ( 3 ) b 0 .1231 0 .9 4 3 8 11.99 3 .1 6 15.5 Ml
L . 1 5 (2 0 )C 0.0194 0 .5366 8 .911 0 .4 6 9 3 .787
233 T - 2 7 ( 6 ) b 0 .0 6 2 0 0 .3293 2 .8 2 0 1.398 5 .6 6 3 E2
L . 0 9 ( 3 ) ° 0 .0093 0 .1545 1.778 0 .2 0 4 1.225
26A T 1.13 ( 3 4 ) b 0 .0463 0 .2183 1.579 0 .9 9 0 3 .709 Ml
K .3 2 (1 0 ) 0 .0 3 7 3 0 .0936 0 .2 4 9 0 .802 2 .6 8
327 K . 3 8 ( 19)d 0 .0231 0.0587 0 .1 5 3 0 0 .4 4 5 1.354 Ml
L .0 6 3 (2 3 ) 0.0041 0 .0408 0 .2849 0 .0798 0 .3 5 6
M .0 3 (1 ) 0 .0 0 1 0 0 .0108 0 .1027 0.0177 0 .0898
357 K . 0 4 5 ( l l ) e 0 .0191 0 .0489 0 .1272 0 .3504 1.0281 E2
378 K .4 2 (2 7 ) 0 .0 1 7 0 0 .0437 0 .1131 0 .3023 0 .8675 Ml
455 K .0 1 0 (3 ) 0 .0117 0 .0304 0 .0771 0 .1877 0 .5 0 4 3 El
557 K .1 0 3 (2 6 ) 0 .0076 0 .0200 0 .0 4 9 0 0 .1065 0 .2678 Ml
L • 0 1 9 (5 ) e 0 .0013 0 .0068 0 .0 3 4 6 0 .0189 0 .0 5 5 8
563 K • 45( 11 ) f 0 .0075 0 .0196 0 .0479 0 .1035 0 .2 5 9 6 E3
L . 0 2 0 ( 1 0 ) e 0 .0013 0 .0066 0.0331 0 .0183 0 .0 5 4 0
583 K .0 6 2 (1 2 ) 0 .0 0 7 0 0 .0183 0 .0445 0 .0944 0 .2346 M1/E2
L .0 1 0 (3 ) 0 .0012 0 .0059 0 .0289 0.0167 0 .0 4 8 8
626 K .0 3 7 (1 0 ) 0 .0061 0 .0160 0 .0 3 8 3 0 .0783 0.1911 M1/E2
653 K .0 1 6 (2 ) 0 .0056 0 .0148 0 .0 3 5 0 0 .0701 0 .1 6 9 4 E2
L .0 0 3 (1 ) 0 .0009 0.0043 0 .0188 0 .0123 0 .0356
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E N Expt
El E2
Theory
E3 Ml M2
Assignment
703 K .068(20)h 0.0049 0.0129 0.0301 0.0577 0.1375 Ml
728 K .034(5)e 0.0046 0.0121 0.0280 0.0527 0.1246 E3
L .018(3) 0.0007 0.0032 0.0127 0.0092 0.0272
M .006(1) 0.0002 0.0008 0.0033 0.0022 0.0064
800 K .012(2) 0.0038 0.0101 0.0231 0.0412 0.0959 E2
L .0025(3) 0.0006 0.0025 0.0093 0.0072 0.0224
821 K .010(3)e 0.0037 0.0097 0.0219 0.0385 0.0893 E2
L .004(1) 0.0006 0.0023 0.0085 0.0067 0.0213
899 K •019(6)e 0.0031 0.0082 0.0182 0.0304 0.0698 M1/E2
L .004(2) 0.0005 0.0019 0.0064 0.0053 0.0177
1125 K •026(20)g 0.0021 0.0054 0.0116 0.0170 0.0384
1128 K .025( 17 )g 0.0021 0.0054 0.0116 0.0169 0.0381 Ml
1367 K .010(2) 0.0015 0.0039 0.0079 0.0103 0.0232 E2
a) From intensity ratios in gamma-gamma coincidence data and using the delayed 
intensity for the 583 keV transition to give total intensity.
b) From delayed intensities.
c) Contaminated by 6-ray peak
212d) Corrected for contamination from Fr
e) Corrected for contamination from activity
210 213f) Corrected contamination from Rn and Fr
g) Gamma-rays not resolved: intensity ratios from distribution measurements
h) Gamma-rays not resolved: intensity ratios from the ratio of 653/703 keV
intensities in a singles spectrum taken at the same geometry.
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- 233 - 264
-557- 450
- 653- 583- 563
-728
211Figure 5.10: Selected angular distributions for transitions in Fr.
The solid curve was obtained by fitting a function of the form 
I = agCld- a2 P2^cos®) + a4 P4(cos0)) to the data and the data has 
been normalized so that the 90° point is unity.
a distribution consistent with a dipole J -* J-l transition. Its 
conversion coefficients eliminate the El assignment and the spin and 
parity of the 583 keV state is established as 11/2- . The 69.5 keV 
transition must then be of either El or Ml character, however an El 
assignment is not consistent with the total conversion coefficient
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},Cö*^
inferred A gamma-gamma coincidence experiment. (The coincidence 
spectrum showing the 69.5 keV transition is shown in figure 5.4. If 
an El assignment was made, a.j.(El ,69.5) = .43), the size of the peak in 
this spectrum would be comparable to the size of the 113 keV 
transition.) These data allow the rejection of the El assignment and 
confirm the spin and parity of the 653 keV state as 13/2 .
The 800 keV transition has a distribution consistent with an 
assignment of E3, M2, E2 or mixed M1/E2 and E1/M2 character. The 
strengths required, for a lifetime of less than 2 ns, for pure E3 and 
M2 character exceed the recommended upper limits and allow the 
rejection of these possibilities, as do the conversion coefficients. 
A mixed M1/E2 assignment cannot simultaneously reproduce the angular 
distribution and conversion coefficients. An E2 assignment is made to 
this transition, giving a spin of 17/2 for the 1453 keV state, 
although the data cannot strictly reject an M2/E1 assignment.
The distribution for the 233 keV transition also indicates 
stretched E£, M2, E2 or mixed M1/E2 or E1/M2 character, however the E3 
and M2 assignments can be rejected on the basis of the required 
transition strengths. The distribution and conversion coefficient 
data cannot be simultaneously reproduced by any M1/E2 mixture. The 
E1/M2 assignment can be rejected since the required M2 strength 
consistent with the electron conversion data exceeds the recommended 
upper limit. An assignment of 21/2 is made to the 1686 keV state on 
the basis of the E2 assignment for the 233 keV transition.
The 174 keV transition has a distribution which indicates a 
J -»■ J-l dipole assignment. From the El and Ml possibilities, the 
total conversion coefficient eliminates an El assignment, establishing 
the spin and parity of the 1861 keV state as 23/2- .
Two pathways connect the 2423 and 1861 keV states. The
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distribution for the 563 keV transition (2423-1861 keV) is consistent 
with a stretched E3, M2, E2 or mixed M1/E2 or E1/M2 transition. The 
measured and coefficients are not consistent with any pure 
assignment except for pure E3. A mixed M1/E2 assignment may also be 
rejected by considering the conversion coefficient and distribution 
data simultaneously, however a mixed M2/E1 for J -> J-l or J J 
transition cannot be rejected. The allowed spins and parities of the 
2423 keV state from this path are 23/2+ , 25/2+ or 29/2+ .
The distribution for the 450 keV transition, which forms the 
lower part of the second branch connecting the 2423 and 1862 keV 
states, is consistent with a J J-l dipole transition which the 
measured conversion coefficient determines as El, leading to a spin 
and parity of the 2310 keV state of 25/2+ . The 113 keV transition has 
a small positive a2 coefficient which cannot place any restriction on 
the assignments, however the strength of the transition is sufficient 
to allow the rejection of a pure E3 or M2 assignment. The total 
conversion coefficient is not consistent with any pure assignment 
except a pure E2 transition, and in conjunction with the distribution 
measurement can allow the rejection of an M1/E2 J J assignment. 
The possible remaining assignments to the 2423 keV state are 25/2” , 
27/2 or 29/2+ . The only assignment to the 2423 keV state consistent 
with both paths is 29/2+ , which implies that the 113 and 563 keV 
transitions are stretched E2 and E3 transitions respectively. The 
attenuation factor for the 563 keV transition, obtained by comparing 
the measured a2 coefficient with the maximum value (a2 = .67), is 
c* 2  = 0.30(6). The attenuation factor for the 113 keV, E2, transition 
is a,2 = 0.23(10) and the agreement between the two values supports 
these assignments.
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5.4.2 States Below the 178 ns State at 4657 keV
The 264/557 keV cascade forms one of two pathways which de-excite 
the 3244 keV state. The distribution for the 557 keV transition 
indicates a mixed J -»• J-l transition and the conversion coefficients 
determine the mixture to be M1/E2, giving the spin and parity of the 
2980 keV state as 31/2+ . The distribution for the 264 keV transition 
also indicates a J -> J-l transition and the conversion coefficient 
data gives an M1/E2 mixture, establishing the spin and parity of the 
3244 keV state as 33/2+ . The 821 keV transition directly connects the 
3244 and 2423 keV states and its angular distribution is consistent 
with a stretched E3, M2, E2 or mixed M1/E2 or E1/M2 assignment. The 
E3 assignment can be rejected on the basis of the transition strength 
and the conversion coefficient measurement, which also eliminates the 
M2 assignment. An M1/E2 mixture, for J J-l or J + J transitions, 
cannot simultaneously reproduce the distribution and conversion 
coefficients. Although an E1/M2 mixture cannot be rejected on basis 
of the the present data, the spins and parities of the 3244 keV state 
allowed by this assignment are not consistent with those from the 
264/557 keV cascade. The remaining stretched E2 alternative for the 
821 keV transition leads to a spin and parity assignment of 33/2+ for 
the 3244 keV state.
The spin and parity of 37/2+ for the 3602 keV state follows from 
the properties of the 357 keV transition which de-excites it. This 
transition has a distribution consistent with a stretched E3, M2, E2 
or mixed M1/E2 or E1/M2 assignment. The strengths required for E3 or 
M2 assignments are sufficient to allow their rejection. The measured 
conversion coefficient also rejects these assignments and, in 
conjunction with the distribution data, the mixed M1/E2 assignment. A 
stretched E2 assignment is therefore preferred for this transition
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although a mixed J -* J M2/E1 transition cannot be excluded 
rigorously.
The distribution for the 327 keV transition (3929-3602 keV) 
indicates a J -> J-l transition and the conversion coefficients reject 
an El assignment, so that the spin and parity of the 3929 keV state is 
established as 39/2+ .
A 440 keV transition feeds the 3929 keV state and its 
distribution indicates a dipole J ->• J-l transition and therefore a 
spin assignment of 41/2 is made to the 4369 keV state. The conversion 
coefficient for the transition could not be extracted reliably so the 
parity is not determined.
The 728 keV transition decays directly from the 178 ns state at 
4637 keV and its distribution indicates stretched E3, E2, M2 or mixed 
M1/E2 or E1/M2 character. The conversion coefficients allow the 
rejection of the pure M2 and E2 assignments and the measured a^/a^ 
ratio, aR/aL = 1.8(2) is not consistent with either an M1/E2 mixture 
(a^/a^ = 3.7-5.7) or an E1/M2 mixture (a^/a^ = 4.6-6.6). Only a 
stretched E3 character remains so that the spin and parity of the 
4657 keV state is established as 45/2”.
5.4.3 States Above the 178 ns State at 4657 keV
Although the present study does allow some assignments to be made 
to the states above 4657 keV, the weakness and contamination of the 
transitions prevented definitive assignments. The 899 keV transition 
decays from the state at 5556 keV. The angular distribution for this 
line indicates a mixed J -> J-l transition leading to a spin 
assignment of 47/2. The conversion coefficient data indicate that an 
M1/E2 mixture is most likely (with .5 < -6 < 3), however an E1/M2
mixture with .4 < -6 < .7 cannot be excluded.
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The 626 keV transition similarly has a distribution indicating a 
mixed quadrupole/dipole transition and again in this case the 
conversion coefficient does not differentiate between the M1/E2 and 
M2/E1 possibilities. The spin of the 6182 keV state is thus assigned 
as 49/2. A crossover transition of energy 1525 keV is observed 
connecting the 6182 and 4657 keV states, however the limit on the 
mean-life available for the 6182 keV state allows either an E2 or M2 
assignment.
The angular distribution for the 703 keV transition is poorly 
defined, however the negative a2 coefficient suggests a dipole 
transition. The conversion coefficient for this line indicates an Ml 
transition so that this state is likely to have the same parity as the 
5556 keV state, giving a tentative assignment to the 6259 keV state of 
49/2 . A transition of energy 77 keV from this state to the 49/2 
state at 6182 keV has been inferred from the coincidence data, from 
which an estimate of the total intensity can be obtained. Using the 
limit on the mean-life of the state (< 10 ns), the strength of the 
77 keV transition, assuming Ml character is > 5 x 10”  ^Wu. and for an 
El assignment > 1 x 10”  ^Wu.
Two transitions connect the state at 6560 keV to the two 49/2 
states at 6259 and 6182 keV. The tentative assignment of 51/2 to the 
6560 keV state is based on a negative a£ coefficient for the 301 keV 
(6560-6259 keV) transition, which suggests a J J-l transition and 
the conversion coefficient for the 378 keV (6560-6182 keV) transition 
which is consistent with an Ml assignment.
5.5 g-FACTORS
211The g-factors for Fr were determined in the same experiment
213 212that gave the g-factors for the Fr and Fr nuclei. (For details
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see sections 2.6, 3.5, 4.5.) The g-factors for the two long lived
states observed in the present work are given in table 5.5. The 
g-factor for the 2423 keV state (29/2+) was determined by fits to the 
data for the dipole 450 and quadrupole 233, 800, and 653 keV
transitions and the ratio spectrum for the 653 keV line is shown in 
figure 5.11. (The ratio spectra for the 450 and 800 keV transitions 
have been presented in chapter 2 (figure 2.13).) The fits to the data 
include a contribution from the feeding of the 29/2+ state by the
higher lying 178 ns 45/2” state. The 563 keV transition was not used 
in the determination of the g-factor of the 2423 keV, state from which
it directly de-excites, since this transition is contaminated by a
21 0line in Rn which is also assigned as an E3 transition.
Figure 5.1i also shows the ratio spectrum for the 728 keV
transition which directly de-excites the 178 ns state at 4647 keV and 
its g-factor is determined from the fit to this curve and to
transitions lower in the level scheme.
146
E, = 728 keV
time (ns)
E*= 6 5 3 keV
R(t) 0
— I-------------------- I____________________ i__________________ _,____________________
4 0 0  200  0
time (ns)
Figure 5.11: Ratio spectra for the 728 and 653 keV transitions.
The upper figure shows the ratio spectrum for the 728 keV 
transition (4657-3929 keV) which shows modulation due to the 
g-factor of the 45/2 state. The lower ratio spectrum is for the 
653 keV line and the modulation in these data is due largely to 
the 210 ns state at 2423 keV.
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Table 5.5
J Mean-life g(uncorrected) g(corrected)
tl ns
29/2+ 210(20) 1.068(2) 1.08(1)
45/2+ 178(20) 1.045(5) 1.06(1)
g(corrected) = g(uncorrected)/((l-o)(1+K)) a= 1.97%, K = .89%
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CHAPTER 6
NUCLEAR STRUCTURE OF THE Fr NUCLEI
6.1 INTRODUCTION
The success of the shell model in describing the nuclear
properties in the lead region can be attributed to the inertness of
208the doubly magic uoPb core, so that the properties of nuclei near 
208 Pb may be simply described in terms of a small number of valence 
nucleons. The model is even successful for nuclei with moderate
204numbers of valence particles and, for example, the structure of Bi 
and ^®Rn (which have six and eight valence particles respectively) 
are well described by the shell model [Lon81, Tri83]. (In this work, 
nucleons and particles will refer generally to either particle or hole 
orbits.)
The properties of a multi-nucleon state are determined by the
behaviour of the valence nucleons in the average field of the core and
by the residual interactions between them. Conventional shell model
208calculations for the two particle nuclei about the Pb core
reproduce the experimentally observed levels with rms deviations of 
between 15 and 200 keV [Ma 73, Kuo71 and Kim68]. Calculations using 
the Glasgow shell model code have also been performed for the radon 
isotopes ^^Rn and ^^Rn [Pol82 and Pol81]. These calculations 
indicate that while there is mixing between different configurations, 
most states are dominated by a single configuration and that the 
purity of the low spin states is about 70% while that of the high spin 
states is about 95%. To first order the properties of the states are
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reasonably well described if only single configuration states are 
assumed and configuration mixing is neglected. Yrast states are 
particularly well described by such an approach since relatively few 
configurations are able to produce the high spin states at the 
appropriate excitation energy. Since the yrast states are those 
selected in heavy-ion fusion reactions, the assumption of pure 
configurations is expected to be valid in describing the states 
observed in the present work.
While conventional shell model calculations calculate the 
interactions between the particles for a given potential, an 
alternative approach is to use empirical interaction energies 
determined from nuclei adjacent to the closed shell, as suggested by 
Talmi [Tal62] and developed in the lead region by Blomqvist and 
co-workers [Ber75, Rah80, Lön80a and Blo83].
The following sections describe the derivation of empirical 
interaction energies and the application of the empirical shell model 
in determining the energy of states in the Fr nuclei.
6.2 EMPIRICAL TWO BODY MATRIX ELEMENTS
The Hamiltonian for a many body system may be written as
H = 2 H(i) + 2 H(i,j) + 2 H(i,j,k) + higher orders ,
° i i<j i<j<k
where H(i) gives the single particle energy for the ith nucleon,
H(i,j) gives the two body interaction energies between the i and j
nucleons and H(i,j,k) is the three body term. An analysis of levels 
207in Bi has shown that three body and higher order effects contribute 
less than 5 keV to the total energy [L’ön79], and these are neglected 
in the present work, so that the Hamiltonian becomes
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H = 2 H(i) + 2 H(i,j) . (6.1)
i i< j
Experimentally the single particle energies (Egp(i) = <i[H(i)|i>)
907 907 90Qare obtained from the one-valence particle nuclei Pb, Tl, Pb 
209and and these energies are shown in figure 6.1. The energy
l ? 08scale has been adjusted so that the energy of the 0 state in Pb, 
which can be considered as the vacuum state, is set to zero. The 
single particle energy for a particular orbit is determined by 
combining the excitation energy of the state in the appropriate 
nucleus and the energy of the ground state of the nucleus relative to 
the energy of the Pb ground state.
Empirical two body interaction energies are determined by 
considering the interaction energies of the states in the nuclei with 
two valence particles. This procedure is indicated schematically in 
figure 6.2. The two body interaction for a proton in the h ^ ^  orbit 
and a neutron hole in the P^/2 orbit, when coupled to spin 4, is 
determined from the excitation energy of the first excited 4+ state in
O Q O Bi. The sum of the single particle energies (given in figure 6.1)
for this coupling is -3798 + 7368 keV = 3570 keV. Experimentally the 
208 +Bi A state is observed at an excitation energy of 63 keV. This 
energy relative to the ^®Pb ground state is E(4+ ,^^Bi) = 3725 keV. 
The difference of 155 keV between the observed energy and the single 
particle energy is attributed to the two body interaction. This 
process is indicated schematically in figure 6.2.
Empirical two body matrix elements for the lead region have been 
collected by Lonnroth [Lon80] and systematic compilations made by 
Schiffer and True [Sch76] and Daehnick [Dae83]. Molinari et al.
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10078 ---------- 1 h 9/2
10009 2 Q9/2
9 7 0 8  --------- 2 f 7/2
9 0 0  1 --------- 1 1 13/2
82 65 -----------3p3/2
7938  --------- 2*5 /2
7368 - 3 P 1/2
2 0 7 Pb
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2 d 5/2 
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3s i / 2
>
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3 1 9 4 - 
2614
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-1 9 0 4  -
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1 115/2
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-2901 - 
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3 P i/2  
3P3/2 
2 f 5/2
1'13/2 
■ 2 f 7/2
ihg/2
Figure 6.1: Experimental single particle energies for orbitals in the
Pb region. Each state is described by the predominant orbit and 
its energy relative to the ^®Pb core. The states in ^ dPb are 
the 3 vibrational state and the neutron particle-hole excitations
v(pl/2g9/2)5",4"’ v(f5/2g9/2)7" and v(pl/2j15/2)8+ *
[Mol75] have shown that the relative variation of the residual two 
body interaction within a multiplet is essentially independent of the 
orbits involved. The variation of the residual interaction as a 
function of the classical angle between the nucleon angular momenta is 
shown in figure 6.3. The universality of the interaction is 
consistent with the dominance of a delta force acting between the 
nucleons as implied by the solid curve in figure 6.* which is a fit 
to the data considering only such a force. The fit to the 
[ji+j2+J]even data also includes a small component of a quadrupole
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A = 155 keV
4 +_______A _________ 63 E (4 t20eBi) = 3725 keV
~ °  Esp(4t2O8a)=3570keV
/  208
/  Esp(4 t208B.) = Esp(\ipV) +  Esp(»hj)
0 + - E (0 t 208Pb) = 0 keV
Figure 6.2: Calculation of interaction energies.
The interaction energy for the (^9/2P7/2^4+ couPli-ng* The single 
particle energy is determined from the sum of the single particle 
energies for the P^/2 anc* ^9/2 orbits» The interaction energy is 
the difference between the experimentally observed energy and the 
single particle energy.
force. In many cases only a few members of a multiplet have been 
observed, however since the relationship between the interaction 
energies within a multiplet is established, all energies may be 
obtained by scaling to the available experimental values. If no 
members of a multiplet are known theoretical values must be used. A 
comparison of theoretical [Kuo68, Kuo71, Kim63, Ma73] and empirical 
interaction energies shows that errors of up to several hundred keV 
may be introduced if only theoretical values are available.
It should be emphasized that the empirical values are not 
strictly pure single nucleon or two nucleon interaction energies but 
include modifications to the pure interaction from effects such as
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J U + o -  i, (j , -H)  -  i j i g H )
Figure 6.3: The normalized two body interaction as a function of the
angle 0 ^  between the particles. The solid curves are fits to the
data with the parameters = “0 .4123tan0j2 for
[jl+j2+J]0dd and E(j1>j2>J) = -0.1344 cotl/2012 - O.731(l/sin012)
- .2156Po(cos0 0) for [j,+j0+J] (after Molinari et al.2 12 1 '2 even
[Mol750]).
core polarization, configuration mixing and particle vibrational 
coupling. For example the 13/2+ state in ^^Bi may be formed both by 
occupation of the 1 3^ / 2  orbital and also by coupling the fy/2 orbit to 
the 3 vibrational phonon. The wave function may be written as
[13/2> = a[i 1 3 /2 > + 3[f 7 /2 ®3">.
The amplitudes of the components may be determined using the observed
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energies of the 13/2+ and 7/2 states, the vibrational frequency of 
the phonon and the particle-vibration matrix elements (given for 
example by Hamamoto [Ham74]). These data show that while the 13/2+ 
state is predominantly single-particle excitation, a = .92, the 
particle-3- coupling forms a significant admixture, 3 = »37. 
Similarly the two body interaction energy for the <-TTi 13 / 2V^9 / 2^11+ 
coupling derived from the 11+ state in ^^Bi also includes components 
from the mixing of other states. Kuo and Herling [Kuo71] calculate 
the lowest 11+ state in ^^Bi to be
[11 5 = — .26 [irhgy2 j^ 15/2  ^ • 34 [Trf 7^2 j^ 15/2  ^“ .90 [1^ 13/2^ 9/2  ^ *
Thus when empirical values are used to calculate the properties 
of many-particle configurations it is assumed that the deviations from 
the pure configurations in the many-particle states are the same as 
the deviations in the components. This is not true in all cases as 
the interaction in the many-particle state may be different due to 
nuclear structure effects such as blocking. An example of this is for 
the 4l/2+ state in ^^Fr, where mixing of the [i^3/2  ^ anc* [f7/2 0 3 > 
wave functions is prevented by occupation of the £7/2 orbit (see 
section 6.6).
6.3 CALCULATION OF ENERGY LEVELS
Once a set of two body matrix elements has been established, the 
problem of determining the energies of states in a many nucleon 
configuration becomes one of reducing the interactions within a 
configuration to a sum of two body interactions. For example the 
energy of a state formed by coupling three valence particles
[(j 1,j2’)J12»33>i is given by <j l , j 2 ,j 3 | Htot 13 1 ’ 3 2 »3 3> where the 
Hamiltonian is as given by equation 6.1. The second term of this 
Hamiltonian gives the two body matrix elements, however the energies
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depend on Che s p i n  c o u p l i n g  o f  t h e  two o r b i t s .  Thus t h e  t h r e e  
p a r t i c l e  c o n f i g u r a t i o n  must  be " r e c o u p l e d "  i n  t e rm s  o f  two p a r t i c l e  
c o u p l i n g s .  The a n g u l a r  momentum a l g e b r a  r e q u i r e d  f o r  t h e  r e c o u p l i n g  
has  been documented by d e S h a l i t  and Talmi [d e S 6 3 ] ,  B r u s s a r d  and 
Glaudemans [Bru77]  and Lawson [Law80j .  The l a s t  two works use  t h e  
d i a g r a m m a t i c  method of  M a c f a r l a n e  and F re n ch  [Mac60] and t h i s  
f o rm a l i sm  was found t o  be more s u i t a b l e  f o r  t h e  c a l c u l a t i o n s  p e r fo rm e d  
h e r e .  Appendix 6 b r i e f l y  r e v i e w s  t h i s  method and i l l u s t r a t e s  t h e  
u n c o u p l i n g  o f  a t h r e e  n u c l e o n  c o n f i g u r a t i o n .
S ince  t h e  s i n g l e  p a r t i c l e  e n e r g i e s  used  t o  e v a l u a t e  t h e  e n e r g i e s  
o f  s t a t e s  i n  a m u l t i - p a r t i c l e  c o n f i g u r a t i o n  a r e  e x p r e s s e d  r e l a t i v e  to  
a Pb c o re  t h e  f i n a l  e n e rg y  i s  a l s o  r e l a t i v e  to  t h i s  c o r e .  In o r d e r  
to  e x p r e s s  t h i s  e n e rg y  i n  t e rm s  o f  an e x c i t a t i o n  e n e r g y  i n  a 
p a r t i c u l a r  n u c l e u s  t h e  ground s t a t e  e n e rg y  f o r  t h e  n u c l e u s  must  a l s o  
be known, hence  f o r  a s t a t e  ijJj, Ex( ^ j ,N) = E(i[>j,N) -  EgS(N ) ,  where 
Ex ( ^ j , N )  i s  t h e  e x c i t a t i o n  e n e rg y  o f  t h e  s t a t e  i n  t h e  n u c l e u s  N, 
E ( ^ j ,N )  t h e  e n e rg y  o f  t h e  s t a t e  r e l a t i v e  t o  Pb and Egg (N) th e  
e n e rg y  of  t h e  ground s t a t e  o f  t h e  n u c l e u s  N r e l a t i v e  t o  t h e  Pb 
ground s t a t e .  The ground s t a t e  masses  o f  n u c l e i  i n  t h i s  r e g i o n  have 
been  d e t e r m i n e d  from r e a c t i o n  and decay  s t u d i e s ,  and have been 
t a b u l a t e d  by W apst ra  and Bos [Wap77] and t h o s e  r e l e v a n t  t o  t h i s  s t u d y  
a r e  p r e s e n t e d  i n  f i g u r e  6 . 4 .  I t  s h o u ld  be n o t e d  t h a t  t h e  u n c e r t a i n t y  
i n  t h e  ground s t a t e  m asses  f o r  t h e  Fr  and Rn n u c l e i  a r e  l a r g e ,  
20-50 keV,  and t h e s e  e r r o r s ,  n o t w i t h s t a n d i n g  any u n c e r t a i n t i e s  
r e g a r d i n g  t h e  p u r i t y  o r  a s s i g n m e n t s  t o  s t a t e s ,  p r o v i d e  a l i m i t a t i o n  
on t h e  a b s o l u t e  ag reemen t  e x p e c t e d  be tw een  o b s e rv e d  and c a l c u l a t e d  
e n e r g i e s .  The ground  s t a t e  mass o f  ^ ^ F r  has  n o t  been  m easu red  and 
t h e  v a l u e  i n  f i g u r e  6 . 4  i s  d e t e r m i n e d  from s y s t e m a t i c s ,  so t h a t  even 
l a r g e r  d e v i a t i o n s  may be e x p e c t e d  f o r  t h i s  n u c l e u s .  (B lo m q v i s t  e t  a l .
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[Blo83] invert this calculation and, using measured excitation 
energies and empirical two body matrix elements, determine ground 
state masses in the Gd region.)
14107(2) 
2 0 6  Pb
10 -
5 -
7368(1) 
207 Pb
0
208pb
CD - 5  -
-3 9 3 6 (3 )
209pb
$
CD -10 -
-912212)
2|0Pb
10555(9)
2 0 7 B,
5851(8) 
2 0 8  Po
3662(4 )
208(3,
11469
208 At
3149(11) 
2 0 9 ai
7825(39)
2 0 9 Rn 5 8 9 0
2'0'Fr
-3 7 9 8 (2 )
209Bl
-1119(7)
209po
-4011(11)
-8 6 0 (1 6 )
2'Opn - 2 7 6 0 ( 5 0 )
2llFr
-  8403(3)
210 Bi
-878CX2)
2'0 p,,
-133 3 3 (3 ) 
2 11 Po
-1 8 2 3 9 (2 2 )
2 l 3 F r
Figure 6.4: Ground state energies of nuclei in the lead region
relative to the energy of the 208Pb ground state (from Wapstra and 
Bos [Wap77]).
6.4 PARTIAL DECOMPOSITION
While a multi-particle configuration may always be reduced to a 
sum over two body interactions, a full decomposition is not always 
necessary or convenient. Configurations involving many orbits may be 
treated more simply by subdividing the configuration into component 
groups. The interaction energies both within, and between, these 
groups may be determined from states in neighbouring nuclei which have
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the configurations of the component groups. For example a 15 state 
in 2^2Fr may be formed from the {7T[h4i] 29/2“*" v Pl/2^15" configuration 
and this may be decomposed completely to determine the contributions 
from the h ® h, h® i, h ® p   ^ and i® p  ^ interactions. Alternatively 
the total interaction energy for the state, <(h4i)p--*-> , may be
thought of as the sum of the interactions <h4i>2g/2+ > ^17/2” anc*
<ip~^>y-. The [h‘^i]2g/2+ state ^as been identified in 2^3Fr at an 
energy of Ex(29/2+ ,2^3Fr) = 2538 keV. Relative to 2^3Pb this energy is 
E(29/2+ ,213Fr) = E ( 29/2+ ,213Fr) + ECTC(213Fr) = -15702 keV.
X  g b
The single particle energy for this state is given by the sum of the 
single particle energies for the component states, given in figure 
6.1,
Esp(29/2+ ,213Fr) = 4 * Egp(9/2,209Bi) + Egp(13/2,209Bi) = -17382 keV
and the difference between the two energies is the interaction energy
for the [h‘4i]2g/2+ configuration: <h4i> = 1680 keV. (A complete
decomposition, and use of the two body energies gives
<h44i> = 1667 keV). The interaction energies for the [h4p ^]x7/2— an<*
[ip * ] 7- configurations are derived from the observed 17/2 and 7 
211 208states in Rn and Bi respectively. The use of interaction
211 213energies from both Rn and Fr means that the interaction energy 
for the [h4]8+ configuration has been included twice, however this may 
be removed by subtracting the interaction energy <h4>8+ from 2^2Rn. 
Thus the interaction energy for the <7T[h4i ] 29/2vP ^15“ configuration 
is given by
<h4ip_1> = <h4i> + <h4p-1> - <h4> + <ip-1> 
and the energy of the state given by
E(15~,212Fr) = Esp(15",212Fr) + <h4ip-1>.
212Taking the ground state energy of Fr as-10300 keV, the excitation 
energy of this state is Ex = 2634(43) keV which compares with the
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observed excitation 2492 keV. The error in the calculated value is 
from the uncertainties in the ground state energies of the parent 
configurations but does not include any contribution from the
o i 0uncertainty in the Fr ground state mass.
The interaction energies for the component groups used in the
O 1 O O I 1calculations for the Fr and Fr nuclei are tabulated in appendix
7.
Partial decomposition has the advantage that the parent
configurations are much more closely related to the final
configuration than the two body interactions, thus effects not
included in a complete decomposition such as core polarization and 
configuration mixing can be automatically included. (The calculations 
described here do not otherwise include effects of configuration 
mixing.)
The decomposition considered above is not unique, for instance
the [h^ip- ]^ configuration may also be considered as the coupling of
2 2 —1 2 [tt[h^i] 29/2+ (h ) q +  Vpl/2^ an<* interaction energies <h i>29/2+>
<[b2! ] 2 9 / 2+ v P l / 2 > 15“ ’ <h8+h0+ > ’ <h0+ 1 1 3 /2 >13/2+ and <h0+pl / 2 > 1 / 2 “ ’
derived from the appropriate states in astatine, polonium radon
nuclei. (The 13/2  state from the h i  coupling has not been
identified so that this energy must be determined by further reduction 
to two body matrix elements.) Calculated in this manner the 
excitation energy of the 15~ state is Ex (15 ,^^Fr) = 2548(34)  keV.
The variation of the values obtained by using different 
decompositions (including complete decomposition to two body 
interactions) indicates that errors of several hundred keV are 
possible using this method and a configuration should be considered a 
possible contender for a state if the calculated energy is within
200 keV of the observed state.
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The disadvantage in using states in neighbouring nuclei is that
the procedure is very incestuous and a rais-assignraent of the parent
state may result in a mis-assignment of the final state. In order to
211prevent mis-assignments the states in Fr were calculated by 
completely decomposing the couplings to two body interactions.
6.5 CORE POLARIZATION
The Hamiltonian considered above (eq. 6.1) consists of two parts; the 
first term is the energy of the nucleon in the average field of the 
core (single-particle energies) and the second is the interaction 
between the two particles.
So far only first order terms have been considered. In second 
order the valence nucleons can interact through virtual excitations of 
the core, and the Hamiltonian may be written as
where
and
H. . = H + H . tot o pol
H0 - H0(i)+ H0(i,j)
Hpol = Hpol(1) + V l (1’j) •
o q QThe stability of the Pb core means that for valence particles 
coupled to this core the polarization terms need not be considered 
separately from the empirical interaction. If however particles are 
removed from the Pb core this rigidity is lost and the valence 
nucleons are more able to interact through virtual excitations of the 
core. Blomqvist et al. [Blo77] show that the two body core­
polarization interaction may be described by a quadrupole- quadrupole 
coupling of the form
Apol = <(jlJ2)j h p2(cos012)l<jlJ2>J>
where, for a two body nucleus,
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_3_______ X(X+1)
32 j1(j1+l)j2(j2+l)
and X = J(J+1) - j i (j X+ 1 ) - -3 2 ^ ^ 2"1"1 ^ tBer7^l*
The coupling constant x is related to the softness of the core 
and is proportional to B(E2;0~*~ 2+ )/E2+ for even A nuclei, and to
S B(E2;gs i)/(E•-ECTO), for odd A nuclei, where the sum is over the
l
states of the 2+®j multiplet. The value of X for the 2(32Pb and 2(“*^Pb
?07cores has been determined as x( Pb) = -250 keV and 
X (206Pb) = -700 keV [Blo77].
The values of the extra residual interaction caused by core- 
polarization for the uoPb core are shown for the 9/2® 9/2 multiplet 
in figure 6.5. The extra residual interaction is strongly attractive 
for extreme values but repulsive for intermediate values. Therefore 
core polarization effects are expected to be small for multi-particle 
configurations which couple to low spins (since the decomposition in 
terms of two particle interactions will involve a sum over all the
terms of a multiplet), but will be very large for configurations which
211are maximally aligned. This is borne out in calculations for Fr
which show that no effect due to core-polarization is obtained for the 
5 —2[nh v(j )o+ ^9/2~ state while a depression of -424 keV is expected 
2 2 —2for the [tt h i f v(j )o+ ^47/2- state. Core-polarization effects are 
discussed further in section 6.8.2.
6.6 CONFIGURATION ASSIGNMENTS FOR 213Fr
213 208The nucleus Fr has five protons outside the closed Pb core
and since the proton orbitals TTh^^» ^ 7 / 2  anc* TTi13/2 (abbreviated
h,f,i) are of high spin and low excitation energy (see figure 6.1),
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9/2 a 9/2 
X = “700keV
-200
Figure 6.5: Core-polarization interaction energies for the 9/2® 9/2
multiplet, using the interaction - 7 O O ( P 2 ( c o s 0 )> as a function 
of the angle between the particles (see figure 6.3). The points 
are labeled by the spin of the coupling. The solid curve is the 
classical limit.
the coupling?» of these particles are expected to dominate the 
configurations of the yrast states in this nucleus. Horn et al.
suggest configurations involving only these orbits [Hor79] and the 
assignments made in the present work agree with their assignments for
the states below the 45/2 state. The present configuration
assignments are made on the basis of the agreement between the
observed and calculated excitation energies, the observed decay 
properties and the measured g-factors for the states.
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213The energies of states in Fr formed by coupling particles only
in the hg^» ^7/2 an<^  ^13/2 orbitals were calculated by completely
decomposing the configurations to two body couplings. The states
shown in figure 6.6 are the lowest energy eigenvalues obtained after
diagonalization over the allowed seniorities in each configuration.
Mixing of different configurations was not included. It is this
truncation which results in the discrepancy between the calculated and
observed energies for the lowest states. The assignment of the h^
configuration to the 17/2” and 21/2 states is supported by the
measured g-factors shown in table 6.1. The deviation from the first
order estimate (g(h^) = g(h) is understood in terms of blocking of the
(hg^hg^) 1+ excitation by the filling of the hg/2 orbital, so that
the contribution to the g-factor from core polarization is reduced
[Tow77]. The measured g-factor for the 2338 keV 29/2+ state,
1.050(1.5) supports the assignment of a pure h^i configuration.
Contributions from the h^fi 29/2+ state (expected about 900 keV higher
in excitation energy) are small.- These low seniority assignments are
213also supported by the similarity between the state in Fr and those 
211in At [Ber70] since the francium configurations can be obtained by
adding a pair of protons, coupled to spin zero, to the appropriate
? 1 1states in At.
The states at 1856, 2740, 2950 keV are suggested to be due to the 
h^f configuration as this is the only configuration expected to give 
appropriate negative parity states. The h^f assignment to the 23/2— 
state is supported by the observed strongly enhanced E3 transition
(26(3) W.u.) connecting the 29/2+ and 23/2— states. In the lead 
region this enhancement is a signature of a iri13/2 77 ^ 7/2 (°r
Vj 15/2 §9/2^ transition. (See section 7.3.)
The 37/2+ and 33/2+ states at 3655 and 3427 keV are both
60
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Table 6.1: Experimental and theoretical g-factors
Nucleus State Configuration Expt Theory3
213Fr 17/2“ h5 .88(16) . 9 lb
21/2" h5 .879(2)w .91b
29/2+ h4i 1.050(1.5)w . 1.052°
45/2" h3i2 1.01(2)w 1.09d
53/2" [h4l] (p'1 j) ,074e
212Fr 11+ ,5 -1 h p 0.890(3) .89f
15" ,4. -1h i p 1.04(1) 1.06g
27" .3,2 -2h l p g .81(1) .82h
211Fr 29/2+ h4i P^2 1.06(1) 1.051
45/2" h3i2 P;2 1.08(1) 1.09d
3 assuming pure configurations and using the additivity relation 
b g(h") = g(h)
*: gOC) = .89, g(i) = 1.246
d g(h3) = .91, g(i2) « 1.246
e g(h4i) = 1.05, g(p h  = 1.164, g(j15/2) = -0.049 
1 g(fr) = 0.89, experimental value from Beene et al. [Bee77] 
g g(h4i) = 1.05, g(p_1) = 1.164
h g(h3i2) = 1.05 (From h3i2 and h3i2 vp" g-factors), g(g) = -.316 
1 g(h4i) = 1.05
w weighted mean of present data and data from [Hau76], [Bee77] and 
[H°r 7 9] _1
abbreviations: h = h9/2, 1 = i13/2’ p _2= p1/2 ’ 206
g = g9/2 > j = J15/2 * P0 = closed Pb core
attributed to the h4i configuration and are connected by a strong 
4(1) W.u. E2 transition. The lifetime of the upper state is a
consequence of the low energy of the transition.
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The first order calculation of the energy of the 39/2+ state,
3from the h if configuration, places this state at 4745 keV, 60 keV 
below the 4l/2+ state and keV above the observed 39/2+ state.
This calculation assumes a pure 1^3/2 Particle> but, as discussed in 
section 6.2, the fy/2 or^it can couple to the 3 vibrational phonon to 
give a 13/2 state. Because of the Pauli principle this coupling 
cannot give a [h ff ®  3 state> so that the 39/2 state is
depressed relative to the maximally aligned 41/2+ state. A similar
depression occurs for the 18 and 17 states of the h if configuration
212 212in Rn [L'ön80]. Using the Rn states as parents, and calculating 
the extra residual interaction introduced by the coupling of acvh^^ 
proton to the h if configuration, the 39/2 and 41/2 states were 
estimated to occur at 4128 and 4601 keV respectively, compared to the 
observed energies 4083 and 4675 keV.
The 45/2” state at 4993 keV has a mean-life of 19 ns and decays 
by a strong E3 transition (34-42 W.u.) to the 39/2+ state at 4083 keV. 
This again suggests a proton 1^3/2 ^7/2 transat::i-on an<3 there is
good agreement with this energy and the calculated energy for the
3 2state obtained by maximum alignment of the h i  configuration. The
measured g-factor, +1.01(2) agrees with the first order estimate for
this configuration, +1.09. The 41/2 state is also attributed to the
h i  configuration and the calculated splitting of the 45/2 and 41/2
states, 106 keV, is in good agreement with the observed 94 keV
difference. This assignment is supported by the strong E2 transition
between the two states (2-3 W.u.).
The maximum spin available from any coupling of the valence
proton orbitals is 49/2, which can be formed from the configurations 
2 3 3h i and hfi . Since extra energy is required to populate the 1^3/2 
orbit compared to the / 2 orbit, these states are expected to lie
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about 1.5-2 MeV above the 45/2 state. A spin of 47/2 can also be 
2 2produced by the h fi configuration and this state is expected to lie 
900 keV above the 45/2 state. Other high spin states must be formed 
by exciting neutrons across the N = 126 gap to form "core excited" 
configurations.
The excitation energies of the core excited states were
213calculated by decomposing configurations into parents from Fr (i.e. 
proton states observed lower in the nucleus) and neutron particle-hole
O Q Oexcitations from Pb. Angular momentum recoupling was then used to 
determine, in terms of two body energies, the remaining interaction 
between the proton and neutron orbits. The lowest energy
O Q O  _  1
particle-hole excitation in Pb is the v(Pi/2S9/2^5~ state at
3194 keV, (see figure 6.1), so that to first order the core excited 
configuration is expected to lie 3 MeV above the proton parent state. 
However, the proton-neutron interactions are strongly attractive when 
both particles are maximally aligned and these couplings are expected 
to be lowered in energy by about ,1-2 MeV [Byr82], This means that the 
core excitation process becomes as energetically favourable as 
promotion of a proton from the h g ^  orbit, to the 1 3^ / 2  orbit, for 
comparable (or greater) angular momentum increase. Thus core excited 
configurations should be expected at the same excitation energy as 
multiple excitations into the ^ 3 / 2  orbit.
The present work has identified a 47/2 state at 5786 keV which 
decays to the 45/2 (h i ) state and, via a cascade, to the 37/2
(h^i) state. The states populated in this cascade do not branch to
3 2 3states with the configurations h i  or h if, indicating that these 
states are of different character to the proton configurations. The 
calculations suggest that states of the core excited configuration 
tt[h^i]v(p~^g)3 - are likely to intrude below the h^i^ state, and this
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configuration is suggested for the 47/2 , 43/2 and 39/2 states at 
5786, 5505 and 4695 keV. The 47/2 state also has a branch to the
O O __h i 45/2 state and this can be explained by an admixture of the 
2 2h i f configuration.
The 53/2+ state at 6715 keV cannot be formed by any coupling of 
only valence protons and must be due to core excitation. The proposed 
configuration, Tr[h^i]3yy2+ v(p ^j)g+ is consistent with both the
excitation energy and the decay via a strong E3 transition
(40(10) W.u.) to the 47/2" state. In this case the strength is
attributed to the Vj 15/2 v ^9/2 transiti°n and this supports the
assignment of the 47/2 state as being mainly due to the 
7T[h^i]g7/2+ v (p""*g)5~ configuration.
The 53/2+ state also decays via a 142 keV E2 transition to the 
49/2+ state at 6573 keV. Several configurations predict 49/2+ states 
near this energy (TTh^i^ (6609 keV) , {tt[h^i 1 29/2"*" *^10+ ^49/2+
(6653 keV) and {7T[h4i ] 33/2+ V (p_1 j) 8+)49/2+ (6438 keV)). The
strength of this E2 transition., 4.5(11) W.u., is similar to the 
strength of the 228 keV transition between the 37/2+ and 33/2+ states 
of the [h4i] configuration (3.8(10) W.u.). This indicates that the 
49/2+ state at 6573 keV is most likely to be due to the
{7T[hAi]33/2+ v(p— j )g-h} configuration.
Two independent cascades were observed to feed the 53/2+ state. 
Both branches contain 55/2+ states which are strongly fed despite 
significantly different excitation energies (7278 and 7973 keV). It 
is proposed, from the calculation of the excitation energies and the 
lack of connection between the two branches, that the lower 55/2+ 
state is due to the [h fi]39y3(P j)g+ configuration and the states 
feeding this state have similar proton parents. The tt[h i ]v(f g)y- 
configuration is suggested for the pair of states at 8085 and
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7973 keV. These assignments remove the apparent imbalance in the 
intensities of the decays from the 55/2+ states, since the difference 
in the configurations means that transitions between states in 
different branches are not the preferred decays. Population enters 
the two branches at approximately the same spin and excitation energy 
gets trapped by the difference in the configurations.
The agreement between the calculated and observed energies for 
the highest spin states is not as good as for lower states. While 
this may suggest a deviation from the single configuration model, it 
may also be due to uncertainties in a number of two body matrix 
elements. In particular, the i-13/2 ^3/2 interacti°n energies are not 
known experimentally and are taken from Kuo and Herling [Kuo71], and 
in the ^13/2 ^15/2 anc* ^13/2 §9/2 configurations only interaction 
energies for the maximum couplings are known, so that other terms of 
the multiplet were determined by scaling to the universal form of the 
two body interaction (see section 6.2). The calculations for 
configurations involving couplings of large numbers of orbits are also 
less certain since they involve combination of a large number of 
interaction energies. For example, the 59/2+ state, calculated to lie 
at 7735 keV, is 350 keV below the observed state. This deviation 
should be compared with the total magnitude of the proton-neutron 
interactions used in this calculation of 3530 keV.
6.7 CONFIGURATIONS IN 212Fr 
212 Fr has a single neutron hole in the N = 126 shell hence the
21 2configurations prominent in Fr will be the same proton
213configurations as occurred in Fr, coupled to a neutron hole in the 
lowest available orbitals (3p^/2> ^ 5/2» and ^ 3/2) * Other single
neutron hole nuclei in this region, 211Rn [P0I8I] and 210At [Wik72]
are described well in these terms.
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A comparison of calculated and observed energies for states in
O I O Fr are shown in figure 6.7. For these calculations interaction
energies were obtained by partial decomposition into component 
interactions. In most instances empirical interaction energies
o1o ?1? 908obtained from Fr, Rn and Bi were used although in some cases
alternative decompositions were required and these are indicated in 
figure 6.7.
Except for the first excited state, which is due to the neutron 
excitation to the ^5/2 orbital, the decay scheme below the 15 isomer
1 91'}at 2492 keV is equivalent to that below the 29/2 isomer in Fr,
which indicates that the states at 2492, 1880, 1551 and 1389 keV are
well represented by ^^Fr ® vpjj?2 couplings. This is supported by the
similarity of the g-f actors for the 11+ and 21/2 states
(g(ll+) = .899 Ll\) [Bee77], g(21/2“) = 0.879(2)), and of the 15“ and
29/2+ states (g(15“) = 1.04(1), g(29/2+) = 1.050(1.5)). The E3
transition rates for the 15 -* 12+ transition (22(1) W.u.) and the
29/2+ -* 23/2~ transition (26(3) W.u.) are also in good agreement.
A 13+ state is observed in ^^Fr at 2338 keV which has no 
21 3analogue in Fr. Its excitation energy and decay properties are
V^5/2 configuration although some mixture of 
the [h^]25/2^1/2 configuration may also be present. This state is fed 
from a 14+ state at 2613 keV which also feeds, via an E2 transition, 
the { [h^f ] 23/2vPl/2^ 13+ state at 1880. Both of these decays and the 
calculated excitation energy are consistent with a [h^f]23/2 5/2
assignment to the 14+ state.
Two spin 16 states of opposite parity are observed at 2964 (16“) 
and 2952 keV (16+), energies which agree reasonably well with the 
calculated energies for the {[h^f]31/2PT/2 ^ 164 and {[h^i]29/2
vf3/2^16— configurations. The 16” state decays predominantly to the
consistent with r^r [ 121/2
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{ [ i ] 29 / 2 P ^ 1 5 “ s t a t e  a t  2492 keV and t h e  472 keV t r a n s i t i o n ,  
a l t h o u g h  J - f o r b i d d e n ,  i s  a n a lo g o u s  t o  t r a n s i t i o n s  i n  Rn [Po l81]  and 
2 ^ A t  [Rah78] . The 16+ [ h ^ f j p -  ^ s t a t e  b r a n c h e s  a p p r o x i m a t e l y  e q u a l l y  
t o  t h e  s t a t e s  of  t h e  { [ h ^ i j p - 1 } ^ -  and { [ h ^ f  ] f - 1 } c o n f i g u r a t i o n s .
The 17~ s t a t e  a t  3241 keV de c ay s  m a in ly  t o  t h e  15 and 16 
s t a t e s ,  s u g g e s t i n g  t h e  [ h ^ i ] f -1 c o n f i g u r a t i o n .  The l i m i t  o f  
> 0 .011  W.u. o b t a i n e d  f o r  t h e  s t r e n g t h  o f  t h e  17 15 729 keVy
E2# t r a n s i t i o n  s h o u ld  be compared t o  t h e  l i m i t  f o r  t h e  ^ 5 /2  ^ 1 / 2
t r a n s i t i o n  ( o b t a i n e d  from t h e  542 keV h ^ f   ^ -* h"*p  ^ t r a n s i t i o n  i n  
^ ^ F r ) ,  of  > 0 .37  W.u. and t h e  l i m i t  f o r  t h e  [ i  ] 33/2 [ ^ - ^ 2 9 / 2
t r a n s i t i o n ,  f rom F r ,  o f  > 0 .004  W.u. The 17 s t a t e  a l s o  decays  t o  
t h e  16+ s t a t e  i n d i c a t i n g  t h a t  t h e  17 s t a t e  may a l s o  c o n t a i n  
a d m i x t u r e s  o f  t h e  [ h ^ i ] 33/ 2vpT/2  c o n f i g u r a t i o n .
The [ h ^ i ] 37/ 2V^T/2  conf i g u r a t i o n  i s  t h e  o n l y  c o n f i g u r a t i o n  l i k e l y  
t o  be r e s p o n s i b l e  f o r  t h e  19 s t a t e  a t  3583 keV. The E2 s t r e n g t h  f o r  
t h e  342 keV t r a n s i t i o n  which  c o n n e c t s  t h e  19 and 17 s t a t e s  i s
> 1.1 W. u . ,  and i s  com parab le  t o  t h e  s t r e n g t h  of  t h e
[ h ^ i ] ß y / 2  2 t r a n s i t i o n  i n  ^ ^ F r  ( 4 ( 1 )  W. u . ) .  T h i s  s u p p o r t s
t h e  a s s e r t i o n  t h a t  the  17~ s t a t e  c o n t a i n s  a d m i x tu r e s  o f  t h e
[h ^ i  133/ 2h~ P l / 2  c on f i g u r a t i o n .
The 19 s t a t e  i s  f ed  by two b r a n c h e s  from s t a t e s  b o t h  w i t h  s p i n
and p a r i t y  20 . The p r o b a b l e  c o n f i g u r a t i o n s  f o r  t h e  20 s t a t e s ,
deduced  from t h e  c a l c u l a t e d  e x c i t a t i o n  e n e r g i e s ,  a r e  [h i f ] ^ 9 /2  P l /2  
and [ h ^ i ]  37 /2  v ^ 5/ 2 * An ^1 t r a n s i t i o n  be tw een  t h e  20 s t a t e s  i s
i n f e r r e d  from t h e  c o i n c i d e n c e  d a t a  and t h i s  s u g g e s t s  t h a t  t h e  s t a t e s  
may be m ixed .  Both of  t h e s e  s t a t e s  a r e  f e d  from t h e  21 s t a t e  a t  
4547 keV and t h i s  s t a t e  i s  l i k e l y  t o  be a m i x t u r e  of  t h e  [h i f  141/2 
v\^/2 anc* [ h ^ i  ] 37 /2  5 /2  conf  i g u r a t i o n s , g i v i n g  i n t r a - m u l t i p l e t  Ml
t r a n s i t i o n s  t o  t h e  two 20 s t a t e s .
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The calculations indicate that 22~t~ and 23+ states will be formed,
near 5 MeV in energy, by several configurations. A possible
configuration for the 23 state is [h i ]45/2^Pi/2> which is expected
to give a state at 5017 keV analogous to the 19 ns 45/2~” state in 
? l 3Fr. Using the E3 strength for the 910 keV transition, which
— 213de-excites the 45/2 state in JFr, and the observed limit on the
mean-life of the 23+ state, a limit on the branching ratio of 10% is
obtained for an E3 transition from the 23+ state to the 20" state at
4137 keV. Such a transition was not observed in the present work.
The coupling of a V\/2 neutron hole to the [h i ] configuration is
expected to give two closely spaced 22+ states, since the V\/2 hole
can couple to either the [hi J43/2 or the [ h i 145/2 state. The
calculations indicate that these state will lie close to and above the
23+ state, in contrast to the experimentally observed ordering. As
was discussed in section 6.6, core excited configurations are expected
to occur at about the same energy as states involving multiple
212 + +excitation of the Tri^/2 orhit. In Fr 22 and 23 states can be 
produced at excitation energies close to the observed energies by the 
configurations Uh^i]35/2+ j""2)o+g9/2^22+ and Hh^i] 37/2+A)(3~2)o+
1 I
vg9/2^23+ * T^e Possihility that the observed 23 and 22 states arise 
from core excited configurations is discussed below.
The 450 ns state at 5854 keV decays by a very strong E3
transition (56(6) W.u.) indicating a TTi^^ ^f7/2 (°r vj 15/2
^ § 9/2  ^ transition. The excitation energy for the
{[hi 145/2“ v(j )q+ ^ §9/2^27” configuration was calculated by
coupling a gg/2 neutron to the 45/2” state in 21*Fr and is only 85 keV 
different from the observed state. In addition the predicted 
separation of the 27 and the 24+ state (which must be from the
{[h if 139/2+ v(j )o+ ^g9/2  ^ configuration to explain the transition
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rate) is 586 keV which is in very good agreement with the observed 
value of 588 keV. The very strong transition rate (the transition 
rate for the 3~ 0+ transition in ^®Pb is 34 w.u.) can be explained
by the a small admixture of the [h i ] v(j )q+ 2 1^/2 configuration 
into the upper state (see section 7.3). The measured g-factor for the 
27- state, 0.81(1), is in good agreement with the calculated value of 
0.82 and confirms the assignment of a core excited configuration. 
Small admixtures of the [h i ]v(j )q-*-J15/2 configuration would only 
lower this value very slightly. (g( {[ fri ]
V(j ^^0+^15/2^27”  ^ = 0*79)• No other simple configuration will 
explain both the g-factor and the transition rate. Also, it should be 
noted that this interpretation of the 27 state in Fr is the same 
as that proposed for the 19+ state in ^^At which has similar decay 
properties and is suggested to be due to the [h-^i 129/2+ V ^  ^0+^9/2
configuration [Rah78]. The observed decay of the 450 ns isomer is 
predominantly through a single cascade from the 27~ state to the 21 
state at 4547 keV. This, together with the definite identification of 
the 27- and 24+ states as core excited states, indicates that 
significant core excited components may exist in the wave functions 
for the 23+ and 22+ states. In particular, if the 23+ state is
predominantly due to the [ 137/2 89/2 configuration and the
22 state mostly theA[h i h>p configuration, both the observed 
transitions and the lack of the 24+ ■ + 22+ and 23+ 20_ transitions
would be explained. This interpretation implies that the 23+ state of
O O _  1 _the x[h i ]Vp configuration is bypassed in the decay of the 27 
450 ns state.
Several 28 states can be formed above the 27- state, by breaking 
the V(j~2)0+ coupling, with the tt [h3i2]v(f5/2p7/2^Kg9/2 and 
[h^i]v(f5/2Pi/2^K^15/2 configurations, where K can be either 2+ or 3+ .
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These configurations give states at similar excitation energies and 
the lowest energies are for the (f5/2Pl/2^2+ couPlings* In contrast 
to most yrast high spin states these are not the maximally aligned 
states. This coupling occurs here not only because the (f^p^^d-
coupling is more attractive than the 3+ coupling, but also the 
proton-neutron hole interaction favours the non-maximal couplings. A
28- state which is also expected to decay to the 27~ state can be
2 2 —2formed from the coupling [h i f] v(j )q+ §9/2* Without including 
configuration mixing the position of the observed states will not be 
reliably produced.
States with spin 29+ can also be formed in several ways, however 
fewer positive parity states are expected at this spin and excitation. 
The calculated energy for the maximal proton configuration
O O  _  O[h iJ]^g/2+ v(j )Q+^is 681 keV above the observed state. The energy
O
for the [hJif]^^2+ V C f 5 / 2) 4'+_ §9/2 coupling is 300 keV below the
observed state, however this error may be due to the use of a number 
of theoretical interaction energies in the calculation.
The limited information available on these states prevents 
definite configuration assignments, although the general agreement
between the experimentally observed levels and the calculated energies
212indicate that most of the states in Fr can be formed by simple 
couplings of the valence particles (including core excitations), with 
each state largely dominated by a single configuration.
6.8 CONFIGURATION ASSIGNMENTS FOR 211Fr
211The valence nucleons of Fr are the five valence protons,
2 1 3filling the same orbitals as in Fr, and two neutron holes. Since 
the first excited state in 206Pb is 803 keV above the 0+ ground state, 
it is expected that many of the states in 2^Fr will have the same
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O 1 O ^ A/'proton configurations as the states in JFr, with a °Pb core
OQOreplacing the Pb core.
21 1Hence, to a first approximation, the states in Fr may be
21 3calculated by using the interaction energies derived from Fr and by
9 Of)taking the single particle energies relative to the Pb core. The
207single particle energies for the valence protons, taken from Bi,
are -3558, -2560 and -1944 keV for the 1^ 9/2» 2f7/9 and li-13/2
orbitals respectively. (The values for the Pb core are given in
21 1figure 6.1). Thus, the energy of a state in Fr is obtained by
213summing the interaction energy from the parent state in Fr, the
single particle energies for the valence protons, and (in order to
208obtain the energy relative to the Pb ground state) the excitation 
206energy of the DPb ground state (14107 keV). Energies relative to 
211the Fr ground state are then obtained by subtracting the ground 
state energy -2760(50) keV.
States can also be formed by coupling the valence protons to
9 Of)excited states of the ^uuPb core and the lowest two excited states in
211 5 —2Fr are attributed to the TTh v(j )-j+ coupling. The excitation
energies for these states are calculated using the energies of related 
209 208states in At and Po. The calculated energy levels are
summarized in figure 6.8.
Excepting the 25/2+ state, all the observed levels which 
de-excite the 210 ns, 29/2+ , state at 2423 keV have clear c o ^ W i n  
^^At and/or ^^Fr. The configuration assignment to the 1686 keV 
21/2 state is supported by the strength of the 233 keV E2 transition, 
4.0(5) W.u., which compares well with the strength of the related 
transition in 20^At, 3.3 W.u. [Ber75], The [ ±] 29/2 v O _2)o+
assignment to the 29/2+ state is confirmed by the g-factor measurement
(g(29/2, Fr) = 1.06(1)) which agrees with the measured values in
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20<^ At (1.060) [Ber75] and 212Fr (1.050). The strength of the 564 keV 
E3 transition, 23(3) W.u. is in good agreement with the values for the 
29/2+ -* 23/2— transitions in 2(^ At (23(3) W.u.) and 2^2Fr
(26(3) W.u.). The 25/2+ state must also arise from the [h^i] V(j-2)Q+ 
configuration, although the calculated splitting of the levels,
44 keV, is less than the observed value of 113 keV.
210The calculations, based on parent states in Rn, indicate that
a pair of states of the {[h^i]2g/2+ *P ^ 2+ 3^3/2+ 31/2+
configuration occur at energies 3449 (33/2+) and 3085 keV (31/2+).
Experimentally a 31/2+ state is observed at 2980 keV and this is 
attributed to this configuration. A 31/2 state expected from the
[h4f]3i/2-v(j ;q+ configuration at a similar energy was not observed
in the present work. A 33/2+ state can also be formed by the
[h^i]33/2+v(j_2)Q+ configuration, the observation of the decay from 
the 33/2+ state to the 31/2+ in competition with an E2 decay to the 
[h^i] 29/2+v(j~^0+ dedicates that the 33/2+ state must have at least a 
component of the [ h^ i ] 29 / 2"*” configuration. Further, the
37/2+ state, which is assigned to the [ h^i ] 37 / 2~*_v^  J ^ 0 +
configuration, decays by an E2 transition to the 33/2+ state. The 
strength of this transition, > 0.9 W.u., compared to the strength of 
the [ i ] 37 / 2"h -+ [ li^ i 133/2"*" transition in 2^2Fr (4(1) W.u.),
indicates that the 33/2+ state must contain an admixture of the 
[n i] 33/2-i- v (j Z)q+ configuration since the
[h^i]37/2+v(j-2)Q+ ^ [h4i]29/2+v^P ^  ^ 2+ transition is not allowed.
The 45/2 and 39/2+ states are also direct of states in
Fr, formed by v(j )q+ couplings to valence proton states. The 
measured g-factor for the 178 ns state at 4657 keV 
(g(45/2-) = 1.08(1)) confirms this assertion, since it agrees well 
with the first order estimate assuming additivity, 1.09, and also with
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the value for the 45/2— state in (1.01(2)). The E3 strength of
the 728 keV transition, 33(4) W.u., agrees with the measured value for
the 910 keV transition in ^^Fr of 42-34 W.u.
_2The remaining couplings to v(j )q+ expected to produce yrast
states above the 45/2 state are those with valence proton couplings
[h^i^f] and [h^i^]. These give 47/2 and 49/2+ states respectively.
States of similar spin and excitation energy are expected from the
3 2coupling of the [ h i ]  configuration to neutron excitations. The 
calculated energies for the [h^i^ ] ^ 5/2~( p *f *)j, J = 2+ , 3+
configurations are shown in figure 6. These energies agree 
approximately with the observed states at 6560,6259, 6182 and
5556 keV. Furthermore all the transitions expected between these 
states agree with those observed, and a similar decay pattern is 
observed for the TThg^ ^(p-^f~*)j couplings in ^^Bi [Lon79]. 
Experimentally the splitting between the two 49/2 states is very 
small, so that for this interpretation to be correct the mixing 
between the two 49/2- states must also be small. Considering only the 
{[h^i2]Zf^ y2_(P_lf_1)2+ »3+^49/2- configurations, the off-diagonal 
interaction energy is 117 keV which is inconsistent with the observed 
77 keV splitting of the 29/2 states. The two body interaction matrix 
elements used in these calculations do not include any contribution 
from core polarization effects. The same calculation was also
performed using interactions which included a contribution from core 
polarization. In this case a smaller off-diagonal matrix element was 
obtained (20 keV) but a greater splitting of the two 49/2+ states was 
predicted. However these calculations are only approximate since the 
space does not include changes in the [ h i ]  coupling. Also the
strength of the core-polarization interaction used was that
on 4appropriate to the close °Pb core, however it is unlikely that this 
will remain the same for the v(pj/2 ^5/2  ^ coupling.
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Core e x c i t a t i o n s  a r e  a l s o  p o s s i b l e  a t  t h e s e  e x c i t a t i o n  e n e r g i e s ,
and from a com par i son  o f  t h e  e n e r g i e s  of  t h e  c o r e  e x c i t e d  s t a t e s  i n
^ l^Rn and ^ ^ R n  [ P o l 8 2 ] ,  t h e  s t r u c t u r e  of  t h e  c o r e  e x c i t e d  s t a t e s  i n
^ ^ F r  i s  e x p e c t e d  to  be s i m i l a r  t o  t h o s e  i n  ^ ^ F r .  However ,  t h e
l i m i t e d  e x p e r i m e n t a l  i n f o r m a t i o n  on t h e  s t a t e s  above 6 MeV p r e v e n t s
21 1t h e  d e f i n i t e  i d e n t i f i c a t i o n  o f  c o r e  e x c i t e d  c o n f i g u r a t i o n s  i n  F r .
6 , 8 . 1  C o n t r i b u t i o n s  from t h e  Core P o l a r i z a t i o n  I n t e r a c t i o n
As d i s c u s s e d  i n  s e c t i o n  6 . 5  t h e  change  i n  t h e  r e s i d u a l  two body 
i n t e r a c t i o n  ca use d  by t h e  p o l a r i z a t i o n  of  t h e  c o re  can be w e l l  
r e p r o d u c e d  by a q u a d r u p o l e  i n t e r a c t i o n  of  t h e  form ) (P2^c o s ®12^ an<^  
f o r  t h e  ^UDPb c o r e  t h e  v a l u e  o f  t h e  s t r e n g t h  p a r a m e t e r  i s
X = -700  keV. T a b le  6 .2  l i s t s  t h e  o b s e r v e d  and c a l c u l a t e d  e n e r g i e s
211 2 1 3f o r  s t a t e s  i n  Fr  o b t a i n e d  by c o u p l i n g  5 - p r o t o n  s t a t e s  i n  Fr  to
t h e  ^ ^ P b  c o r e .  The method of  c a l c u l a t i o n ,  d e s c r i b e d  a b o v e ,  w i l l  n o t
i n c l u d e  any e f f e c t s  o f  c o r e  p o l a r i z a t i o n  on t h e  p r o t o n  i n t e r a c t i o n s
and t h i s  a d d i t i o n a l  e n e r g y  was c a l c u l a t e d  w i t h  t h e  q u a d r u p o l e
i n t e r a c t i o n  and i s  l i s t e d  i n  t a b l e  6 . 2 .  The a d d i t i o n  o f  t h e  p o l a r i z a t i o n
te rm  g i v e s  a g e n e r a l  improvement  i n  t h e  ag reem en t  be tw een  t h e  o b s e r v e d
and c a l c u l a t e d  v a l u e s .  In  p a r t i c u l a r ,  t h e  p o s i t i o n  o f  t h e  21 /2
i som er  i s  w e l l  r e p r o d u c e d  a f t e r  t h e  i n c l u s i o n  o f  t h e  p o l a r i z a t i o n
t e r m .  Also t h e  p o l a r i z a t i o n  c a u s e s  a r e d u c t i o n  i n  t h e  s p l i t t i n g  of
t h e  4 5 / 2— and 4 1 / 2 -  s t a t e s  and t h i s  may e x p l a i n  why t h e  4 1 /2  s t a t e
was no t  o b s e r v e d  e x p e r i m e n t a l l y .  The p o l a r i z a t i o n  c o n t r i b u t i o n  a l s o
changes  ( a l b e i t  s l i g h t l y )  t h e  s p l i t t i n g  o f  t h e  2 9 / 2 + and 2 5 /2 + s t a t e s
of  t h e  [h4 i ]  v ( j  Z) q+ c o n f i g u r a t i o n  and t h i s  may e x p l a i n  t h e  l o w e r i n g
of  t h e  2 5 /2 + s t a t e  and t h e  o b s e r v a t i o n  o f  t h e  2 9 / 2 + 2 5 / 2 +
t r a n s i t i o n .  The a p p a r e n t l y  c o n f l i c t i n g  changes  t o  t h e  m u l t i p l e t s  of
t h e  [h4 i ]  and [hJ i z ] c o u p l i n g s  o c c u r  b e c a u s e  t h e  p o l a r i z a t i o n  t e rm  i s
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attractive for maximal couplings but repulsive for intermediate 
couplings so that the effect on a particular configuration depends on 
the degree of alignment within that configuration.
Table 6.2: Polarization interaction
Spin Configa Eexp
keV
E bX
keV
A c Apol
keV
A d Apol
keV
9/2“ h5 0 138 138 0
17/2“ h5 1453 1273 180 249
21/2“ h5 1686 1452 234 210
25/2“ h5 2275 360
23/2” h4f 1860 1810 50 9
25/2+ •Hx: 2310 2351 -41 -4
29/2+ h4i 2423 2395 28 1
37/2+ h4i 3602 3513 89 186
39/2+ h3i? 3929 4037 -108 -73
41/2“ h3i2 4756 -16
45/2“ h3i2 4657 4851 - ^ 4 - be*
a) 211The configuration for Fr is obtained by coupling 
configuration shown to the neutron configuration v(j
the"V-
b) Calculated energy using interactions derived from 
coupling to the öPb core.
213Fr and
c) Eexp Ex
d) Calculated shift due to interaction x P 2 ^ c o s ® 1 2 ^  X = -700 keV.
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The contribution to the interaction energy from core polarization 
for states in Fr may be obtained from the values in table 6.2 by 
scaling according to the strength parameters
(X(212Fr)/x(^^Fr) = .36). This means that for most cases in ^^Fr,
the contribution from core polarization will be less than 100 keV. An
211analysis similar to that performed for Fr above cannot be carried 
212out for Fr because in that case the use of empirical interaction 
energies from single hole nuclei means that the contribution from core 
polarization is already included in the calculated energy.
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CHAPTER 7 
DISCUSSION
7.1 YRAST TRAPS
o i l  9 1 9  9 1 9In chapter 6 the properties of the Fr nuclei, i~’Fr were
discussed individually. In this chapter features common to the Fr 
nuclei (and to other nuclei in the lead region) are examined. As was 
observed in the present study, the yrast structure of nuclei formed by 
particle alignment is marked by the presence of yrast traps, of which 
three types can be identified. In the first type the mean-life may be 
long because the transition is of low energy and high multipolarity, 
even though the reduced transition strength may be large. The second 
type of yrast trap occurs when the initial and final states have very 
different configurations, so that the decay cannot take place by a 
single particle transition. The final type is due to transitions 
between states where the decay is forbidden for other, specific, 
nuclear structure reasons.
An example of an yrast trap of this last type is the 730 ns 21/2-
9 i o 9state in JFr, assigned to the hg^ configuration with seniority 
three. Its E2 decay to the 17/2” state, which is also of the h^ 
seniority three configuration, is strongly inhibited (0.048 W.u.), as 
expected for a jn jn decay between states of the same seniority in 
the half-filled shell [Law80]. The transition is presumably due to 
small admixtures of other configurations [Dec83]. A similar inhibited 
transition is seen in Fr between the 11 and 9 states which have 
the configurations {TTh^ vp-^} and {TTh\)p- }^ ^ +. To first order, the
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transition rate should be the same as the 21/2 -> 17/2 transition in
^^Fr, however it is more inhibited (B(E2;11+ -*■ 9+) = 0.001 W.u.),
21 2implying greater configurational purity for the Fr states.
A large number of yrast traps of the first type, which occur if a 
particular coupling of a configuration becomes lowered in energy 
relative to the surrounding states, have been identified in the Fr 
nuclei. For example the 37/2+ state at 3655 keV in ^^Fr is lowered 
in energy by the residual interactions so that it lies close in energy 
to the 33/2+ state. Although the 228 keV E2 transition connecting 
these states is relatively strong, (4.0 W.u.), the E^ factor in the 
transition rate results in the 3.5 ns mean-life.
Yrast traps of this type are readily identified on a plot of
excitation energy vs spin, since they appear as local minima in the
213 212yrast line. The yrast lines for Fr and Fr are shown in figure
7.1 and the yrast traps indicated. (The corresponding figure for
211 2 1 2Fr is very similar to that for Fr.)
Most of the remaining traps in the Fr nuclei are attributed to E3
transitions which, although greatly enhanced due to coupling to the 3
octupole vibration (see section 7.3), are of relatively low energy.
The lowered energy of these transitions is, in part, also due to the
octupole correlations.
The occurrence of high spin orbitals of relatively low excitation 
energies is a feature of shell model states in the lead region. (The 
energies of the orbitals in this region have been presented in figure 
6.1.) Bohr and Mottelson [Boh75, p.578] characterize the shell
structure obtained from simple potentials in terms of the ratios of 
the derivatives of the single-particle energies with respect to the 
Z and n quantum numbers. Classically these derivatives correspond to 
angular and radial frequencies of the orbits. In particular, orbits
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Figure 7.1: Plots of excitation energy against 1(1+1) for yrast 
718 717states in Fr and Fr. The dashed lines are linear fits 
through the data for states with non core-excited (lower region) 
and core excited (upper region) configurations. The effective 
moment of inertia (2l/h^) for these lines is shown. Yrast traps 
are indicated by the arrows.
associated with the shell structure for the ratio 3:1 have the 
symmetry of an equilateral triangle and thus are inherently related to 
octupole modes. Further, Bohr and Mottelson show (p.590) that the 
inclusion of the spin-orbit coupling increases the degeneracy of the 
j = £+1/2 orbits when they are associated with the 3:1 shell
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structure. Thus the proximity of the n2f-jj^  orbit to the T T i ^ 3 / 2 o r b i t  
and the v2gg/2 orbit to the VJ15/2 ort>it in the lead region is a 
consequence of this behaviour.
Occupation of the 1^3/2 anc* ^7/2 orbits by valence protons means 
that yrast traps due to E3 T T i^3/2 ^^7/2 t r a n s i t i ° n s  are a prominent 
feature of the Fr isotopes. Yrast traps associated with E3 
transitions connecting the ^2 1^/2 an<^ v §9/2 orbits are also observed 
in this region, both in nuclei with valence neutrons, N > 126, or in 
nuclei with N < 126 when these orbits are occupied following core 
excitation. The 53/2+ , 10 ns state at 6715 keV in ^^Fr observed in 
the present work is an example of such an yrast trap.
7.2 CONFIGURATIONS OF HIGH SPIN YRAST STATES
In chapter 6 the energies of the high spin yrast states were 
calculated using empirical residual interactions and good agreement 
was obtained between the observed and calculated energies. In this 
section aspects of the residual interactions are examined in order to 
determine which configurations are likely to produce yrast states and 
yrast traps. Comparison is also made between the residual interaction 
approach and the predictions of the deformed independent particle 
model [And76].
The configurations likely to produce yrast states will be those 
with the greatest energy gain from the total interaction. Figure 7.2 
shows typical two-body residual interactions for proton-proton, 
proton-neutron and proton-neutron hole couplings. In can be seen from 
figure 7.2 that, except for the proton-neutron hole interaction, 
the extreme spin couplings are the most attractive. Thus for states 
of relatively low spin the dominant configurations will be those with 
pairs of particles coupled to zero. In order to form high spin states
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all the orbitals must contribute and these pairs must be broken. 
Hence for the high spin states the greatest gain in energy is for the
lAn(\ xI t’H *~> .
-400
-800
-1200
Figure 7.2: Two body interaction matrix elements for various
couplings as a function of the angle between the orbits (see 
figure 6.3). Low spin couplings correspond to large angles, while 
extreme couplings require that the particle orbits are nearly 
coplanar.
Figure 7.2 shows that the proton-proton force is generally 
repulsive, with typical values of the order of a few hundred keV. 
Similarly the proton-neutron hole interaction is also weakly 
repulsive. However the neutron-proton interaction is nearly always 
attractive and of large magnitude for extreme values. (The values for 
the maximum couplings expected in this region are: 
<7Th9/2vg9/2>==“398lceV, <Tlh9/2vj 15/2>=“622keV» <7rh9/2vii i/2>=-778keV *
<Trf7/2vg9/2>=-650keV, <7Tii3/2vS9/2>=_961keV’ <TTil3/2v  ^i5/2>=_966keV*)
Thus configurations involving a number of maximally aligned protons
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and one or more neutrons are expected to be depressed in energy 
because of the residual interactions. It is for this reason that the 
core excited states feature so prominently in the high spin yrast 
structure of the nuclei in this region. The extra energy required to 
excite a neutron out of the core is compensated for by the strong 
attractive interaction between the valence protons and the neutron.
In general the application of the residual interaction approach 
is difficult, since for low spin couplings of many-particle 
configurations it requires diagonalization of matrices of large 
dimension. This is not the case for maximally or nearly maximally 
aligned configurations where the number of couplings able to produce a 
given spin is small. (In the completely maximally aligned case the 
total interaction energy is simply the direct sum of the two-body 
components (see appendix 6).)
An alternative approach to the use of explicit residual 
interactions is to use the deformed independent-particle model as 
applied to this region by Matsuyanagi et al. [Mat78], Andersson et al. 
[And78] and Dudek [Dud80]. The basic rationale behind this model 
comes from the recognition that the formation of high spin states by 
the alignment of particles produces an increase in the density of 
particles in the equatorial plane which results in a deformation of 
the nucleus. This process is indicated diagrammatically in figure 
7.3. The minimum energy of a configuration obtained in such a manner 
represents a balance between the increase in energy required to deform 
the core and a gain in energy by the motion of the valence particles 
in a deformed potential. In this formalism, the determination of 
optimal configurations (that is those likely to produce yrast states 
and yrast traps) is illustrated in figure 7.4. The optimal states are 
obtained by finding all points which lie below a line (a tilted Fermi
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surface) on a plot of single particle energies against the 
ra-projection of the nucleon angular momentum.
Figure 7.3: Schematic representation of the mode of generating large
angular momentum states by particle alignment. The increased 
density in the equatorial plane can be interpreted as an oblate 
deformation of the nucleus.
The configurations obtained in this manner are selected on the 
basis of spin and excitation energy. However for a configuration to 
be correct it must also explain the static and decay properties of the 
state. With regard to this point, the calculations of Matsuyanagi et 
al. suggest configurations for the 30 and 27 states in Rn which 
differ from those of Horn et al. [Hor79], but, as pointed out by 
Poletti et al. and Dracoulis et al. the configurations obtained using 
the deformed independent particle model are not consistent with the 
strong E3 transitions de-exciting these states [Pol81, Dra81a]. 
(Similarly the configuration suggested for the T^ 2  = ^5 s isomer in 
Po TTh9/2vS9/2 (see [Mat78]) is not the only one possible for this
I"
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Figure 7.4: Deformed independent particle model configurations for 
o I ostates in Rn (from Matsuyanagi et al. [Mat78]). The left hand
figure shows tilted Fermi surfaces corresponding to spin 20 and 18
proton couplings. The right hand figure shows the Fermi surfaces
for the Jn = 12 and Jn = 10 neutron couplings. The optimal
configurations are determined simply by considering all the orbits
occupied below the Fermi surfaces. Thus, for example, the
_ Oconfiguration for the 18 proton state is [hg/2 ^7/2i13/2^ anc* ^or 
—  —2the 12 neutron state (Pi/2 §9/2^15/2^* Together they suggest a
4- 9 1 9  9 —9configuration for the 30 state in Rn of 7T[h fi]v(p gj).
+ 2state. The 18 state from the Tytl9/2vii l/2g9/2 conf iguration is 
another possibility [Gle65], although this is not produced as an yrast
trap in the deformed independent particle model calculations. (The
excitation energies for the two configurations obtained using
empirical residual interactions are E(16+) = 3224 keV and
E(18~^) = 3067 keV compared to the observed energy of 2905 keV.)
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The configurations obtained for yrast traps by considering the 
effect of the residual interactions are often the same as the optimal 
configurations produced by the deformed independent particle model. 
For example, Matsuyanagi et al. obtain a value of 4.2 MeV for the 
deformation energy gain of a 30 state in Rn produced by the 
[h i ]v(p )q+ S9 /21*" 11 /2 configuration. This compares well with the 
energy obtained by calculating the total residual interaction for this 
coupling, -4.2 MeV [Byr82]. The exact agreement is probably 
fortuitous, since the uncertainty in the calculation is a few hundred 
keV, however it does illustrate the equivalence of the two methods. 
It also shows, at least for these configurations, that there is no 
additional polarization (or stabilization) of the deformation because 
of the large number of particles in the equatorial plane of the 
nucleus. The equivalence of the two approaches is also discussed by 
Matsuyanagi et al. and may be seen in the deformed independent 
particle model calculations for very simple configurations shown in 
figure 7.5. The deformation energy approximately follows the residual 
two body interaction energies. This agreement is not exact since the 
deformed independent particle model can only produce negative 
components, whereas the residual interaction energies for the 
proton-proton and proton-neutron hole interactions are positive. 
Hence, explicit use of the empirical interaction energies should 
provide more reliable estimates of the energy of the yrast states.
7.3 SYSTEMATICS OF E3 TRANSITIONS
7.3.1 Introduction
The occurrence of E3 transitions is a feature of the structure of 
nuclei in the lead region. (The observed E3 transition strengths in 
the lead region are given in appendix 4 and have been discussed
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Figure 7.5: Comparison of residual interaction energies and
deformation energies (^def^ obtained using the deformed 
independent particle model. (After Matsuyanagi et al. [Mat78])
The deformation energy approximately follows the interaction 
energies.
by Bergstrom and Fant [Ber84].) The present work has observed a 
number of strong E3 transitions in the Fr isotopes including the 
strongest transition hitherto observed in this region of the periodic 
table. This section examines the occurrence of these transitions with 
the aim of providing a consistent picture of the range of observed 
transition strengths.
The first excited state of ^®Pb, the 3 state at 2614 keV, has 
an E3 strength of 87000(2000) e^fm^ (34 W.u.) [Spe83]. This state is 
well understood in terms of an octupole vibrational state [Boh75, 
Ham74] and similar vibrational states with comparable transition rates 
have been observed in other even lead isotopes.
192
The E3 transitions between the single-particle orbits
T113/2 ^ 7Tf 7/2 ’ 71113/2 ^ Trh9/2 * 15/2 ^ V111/2 and the 15/2 ** vg9/2
are a prominent feature in the lead region. It has long been
recognized that the strength of these transitions, which often greatly
exceed the Weisskopf estimate, is due to the coupling of the particle
degree of freedom to the octupole vibration. The particle-vibration
coupling model has been well documented [Mot68, Ham74, Boh75, Ham77],
and below the transition strengths observed in the Fr nuclei are
discussed within the context of this model.
7.3.2 Transition Strengths for Particle-Vibration Coupled States
The wave function for a state coupled to the octupole vibration 
may be written
|j> = a | j >  + 6|(jf ® 3 )j >
i
where is the spin of the state, j^ the single-particle orbit and 
®3~ denotes the coupling of the octupole vibration to a second 
orbit. A state can also be formed by the coupling
V y | jf> + <51 (ji ® 3 )j >
The amplitudes a, ß , y and 6 may be obtained for the component wave 
functions by assuming two-state mixing with the interaction matrix 
elements for the particle-vibration coupling given by Hamamoto 
[Ham74], The transition rate is determined by the value of the
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reduced matrix element <Jf IIT3I J^> , where is the E3 transition
operator. Each component wave function for the initial and final 
states can be connected by an E3 transition as shown:
a|j> + ß| (jf ® 3')J >
y I jf> + <51 (j± ® 3 )a >
The general expression, derived in appendix 8, for the B(E3; J^) is
B(E3; J. + Jf) = [ay/B(E3; j. -> jf)
+ (By + a6(Jf/J.)}/B(E3; 3~ + 0+)]2
where J denotes / 2J+1 and B(E3 ;j i ^  j f) and B(E3;3~ + 0+) are the 
reduced transition probabilities for the single particle and the 
collective components respectively. The B(E3;3~ -* 0+) value may be 
taken directly from the strength of the 3 -> 0 transition in ^uoPb
(87000 e^fm^). Since the single particle B(E3) value is not directly 
available from experimental data it must be obtained by calculation. 
In the present work the effective charges eeff^E^^  =0.9 and 
eP|:f(E3) = 1.3 given by Haraamoto [Ham74] have been adopted. The 
radial wave functions are available from the tabulation of Blomqvist 
and Wahlborn [Blo60], (This single-particle transition rate is not 
the same as the Weisskopf value since the latter is obtained by 
approximating both the angular momentum and radial integral parts of 
the full expression. For example, the calculated transition rate for 
the 7Ti23/2 ttE7/2 single-particle transition is 2.4 times the
Weisskopf estimate.)
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In the simple two state mixing model used here the amplitudes for 
the component wave functions for the lower states have the same 
relative phase [Bru77]. Thus the single particle and collective 
strengths add constructively and the transition rate is enhanced over 
the single particle value. This enhancement may be illustrated by 
considering the example of the 29/2+ +23/2" 681 keV transition in 
^ 3Fr. The single particle configurations for these states are h^i 
and h^f and the wave functions for the initial and final states are:
|29/2+> = a |ht> + (3 I h4 (f ® 3 )>
I 23/2 > = yIh4f> + 6|h4(i ® 3 )>
with the connecting E3 transitions shown. (The (f ® 3 ) •* (i ® 3 ) 
transition does not contribute significantly. (See appendix 8.)) The 
amplitudes, determined using the interaction matrix elements
<(f7/2 ® 3")lHintli13/2> = 910 keV and 
<(jL13/2 ® 3_) lHint lf7/2> = 1200 keV> area = .92, ß =  .40, y =  .95 and 
6 = .31. The h^ coupling plays no part in the transition and
B(E3;[hg+i]2g/2+ [hg+f]23/2~' ) = B^E3’i13/2 f7/2^* With the radial 
matrix element 7/2 Ir I il3/2"> = 196 fm the calculateci strength for 
the 681 keV transition is:
B(E3; 29/2+ -> 23/2") = [.87 x 81 + {.63} x 295]2 = 67000 e2fm6
9 ftThis value compares well with the observed value 70000(6000) e^fm .
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212 — -|-Analogous transitions have also been observed in Fr (15 ->1Z ) and
^^Fr (29/2+ ->23/2~) and the similarity of the strengths of these 
transitions (58000(3000) and 60000(8000) e^fm^ respectively) indicate 
that the admixture of the 3 component is similar in the two cases.
An analysis of Vj ^ 5/2 an<^  v §9/2 states> [Mot68] gives similar
amplitudes for the 3 coupled component wave functions as obtained for
the ^ 1^3/2 anc* ttf7/2 states, in agreement with the observation that
the strength of these transitions are 70% of the ^®Pb 3 -> 0+
transition. The strengths of transitions involving the spin-flip
tti 13/2“^ Trhg/2 or V j 15/2 V "^ 11/2 transit:i-ons are typically less than 
? f)10000 e fm . The smaller enhancement compared to the non spin-flip 
transitions occurs because the particle-vibration matrix elements are 
much smaller, hence the wave functions are less mixed, and the 
strength is dominated by the single particle term.
The strongest transition rate that can be obtained between two 
states which involve the coupling of a single-particle state to the 
octupole vibration occurs when the amplitudes of the pure 
single-particle state and the particle-vibration coupled state are 
equal (a = ß = y = 6 = l/v/2). In this extreme case the transition
O  f )strength would be 112000 e fm . In practice the amount of mixing is 
constrained by the energies of the unperturbed states and the 
strengths of the particle-vibration coupling matrix elements. In 
turn, these matrix elements are related to the observed excitation 
energy of the 3 vibrational state. The maximum value may also be 
less than the above estimate because the strength of the 
single-particle term involves the use of an effective charge, and some 
of the strength due to this charge (possibly all in the case of 
neutron transitions) may already be included in the vibrational
transition strength
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O  (L
Transition strengths significantly greater than 112000 e fm° have 
been observed in ^ ^ F r  and other nuclei (  ^^  Rn [Pol84] and ^ ^At 
[Rah78]). These strengths can occur by constructive interference when 
more than one component of a mixed configuration can couple to the 
octupole vibration. The simplest example of such a transition occurs 
when two particles occupy the same orbit, for example the 71 i •> 7Tif 
transition. The extra enhancement is due to two factors; the first is 
caused by an increase in the single-particle component due to the 
presence of two 1 ^3 / 2  particles. Using angular momentum algebra, 
[Law80], the transition probability for the |i >j ->|if>j transition is 
related to the i^3 / 2  ~^7/2 trans:*-t:ion by:
<[if]IllT Hi j >  =  /2 /8 / 2J+1 W(13/2, 13/2, I, 3, J, 7/2)
<f 7 / 2"T 31 113/2>
Using the relationship B(E3;J-> I) = (2IH-1 )/(2J-Hl)<IllT^llJ>^, [Law80],
B(E3 ; i^2 + ^ if 9 ") = 1«40 B(E3; i - ± 2 / 2  ^  1 / 2 ^  * (The total strength is
split over the possible decays and
B(E3;i^2+ if10~) = .60 B(E3;i13/2^ f 7/2)•)
The second means by which the total strength can be enhanced is 
by a double phonon coupling. If for example, the wave function for 
the 12+ state contained the components:
12+> i2> + 3 I if ® 3 >  + y I (f x 3 )2>
The strong transitions would be
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co|i2> 3 Ii(f ® 3 )> + YI(f x 3 )2>
S Iif> eI(f ® 3 )f>
(Double phonon excitations have been used to explain very strong
transition rates in the Gd closed shell region [Pii81].)
In 2^ F r  and 2-*-2Fr the E3 transitions which de”excite the 45/2-
states are stronger than the transitions which de-excite the 29/2+
states (87000 e2fm^ compared to 60000 e2fm^ for 2^ F r  and 112000-91000
e2fm6 compared to 70000 e2fm^ for 212Fr). The configurations for the
45/2” states are [h2i2 ] v(j-^Q+ andTrh^i2 and the increase in the
strength of the h2i2 h2if transition compared to the h^i -> h4f
transition is attributed to the two factors described above.
The strongest E3 transition in this region occurs between the 27 
1 9 19 —  4-and 24 states in Fr. The main wave functions for the 27 and 24 
states are from the [ ti3±2 ] 45/2 v(j~2)()+ §9/2 and th3;Lf] ^(j_2)o+ §9/2 
configurations respectively. A strong transition is expected between
these states because of the coupling of the octupole vibration to the
21 1i 13 / 2 and f 7 / 2 orbi-ts« However, the related transition in Fr
between states of the [h2i2]v(j-2)0+ and [h2if]v(j_2)0+ configurations 
has a strength of 87000 e fm , compared to the strength of the 
transition in 2^2Fr of 148000(18000) e2fm^. The increase in the
O _  O
strength is attributed to an admixture of the [hJif]v(j )q+ j 15/2 
configuration in the 27 state. The wave functions for the initial 
and final states and the E3 transitions are described by:
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0+ ^15/2>
(87000 e2fm6)
(65000 e2fm6)
24+> = I TTh2 ±f v(j 2)q+ § 9 /2>
Both of the components in the initial wave function can decay 
independently by strong E3 transitions to the final state. (Implicit 
in this description is further couplings of the wave functions shown, 
to the octupole vibration.) The strength of the transition as a 
function of a is shown in figure 7.6 and the value of a = .85 agrees 
well with the observed transition strength.
The active particles in these configurations are in theni^^» 
Vg9/2 and Tif 7 / 2, vj 15/2 orbits. Thus it is expected that the initial 
state should be related to the 11+ state in ^^Bi which has the 
calculated wave function, [Kuo71], given by
|ll+> = . 88) TT i Y 2,/2 v  §9/2  ^ *^lTT^ 7/2 ^15/2^ • 25 171^ 9/2 v j 15/2  ^•
The mixed amplitudes are in good agreement with the mixing deduced 
above to explain the strong transition in the multi-particle state.
The mixing of configurations which have independent E3 
transitions has also been used to explain other very enhanced 
transitions in this region. The 19+ state in ^^At decays by an E3 
transition of strength 130000(50000) e^fm^, a strength attributed to a 
mixture of states similar to that for the 27 state in Fr, namely 
TTh^ i V(j 2)q+ S g / 2  anc* ^h^f v (j-^)q+ 1^5/2 [Rah78]. An E3 transition
O i l  1_ _with comparable strength is also observed in z"LiRn, (49/2-^43/2 with
O  C
strength 126000(5000) e fm ) and this strength may be explained by a
3 —2decay from a state with the configuration 7T[hJi] v(j )q+ J15/2 to a
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mixing amplitude
Figure 7.6: E3 transition strength for a mixed transition as a
function of mixing amplitude OC. The experimental value for the 
-  4- 0 1927 -> 24 transition in ^Fr is indicated.
o _ o ostate formed by the mixture of the t t[h f] v(j )q+ Ji5/2 anc* Tr[h i] 
v(j )0+ §9/2 configurations [Pol84], Similarly the strong
transition, B(E3;53/2+ 47/2-) = 108000(25000), which de-excites a
O I Ostate in Fr observed in the present work, can be explained by the 
decay from 53/2+ state of the tt [ h^ i ] vP""*Ji5/2 configuration to the 
47/2 state having the mixture tt[h^i] vp ^ 9/2 and tt[h^f] vp j^ 15/2*
7.4 EFFECTIVE MOMENTS OF INERTIA
The irregular distribution of excitation energies as a function 
of spin in the francium nuclei (shown in figure 7 .1) indicates that 
these states are due to particle alignment as opposed to a bulk
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rotation of the nucleus. In the Fermi gas limit the alignment of 
particles can be shown to be equivalent to a rotation about the 
symmetry axis [Boh75, p.80]. In this system a moment of inertia
defined by 1/21 = dE/dI(I+l) approaches the rigid body moment of 
inertia asymptotically for large quantum numbers. Hence the
distribution of the energy versus 1(1+1) may be expected to follow, on 
the average, a straight line. Trends and changes in slope of this 
line can be interpreted in terms of the nuclear structure of the 
nuclei. The variation in the initial slopes for the N = 126 isotones 
has been discussed by Horn et al. [Hor79]. Flatter initial slopes are 
observed for nuclei with a greater number of valence particles since, 
for a given angular momentum change, less energy is required when more 
particles are available.
O 1 oThe slope of the yrast line for Fr shows a discontinuity
around spin 22-23. This behaviour is similar to that observed in
2 12Rn and can be attributed to a change to core excited
configurations, producing a greater number of valence particles. In
212the discussion of the structure of Fr (see section 6.7) it was
postulated that the change to core excited configurations occurred at
spin 23 and this agrees well with the position of the change in slope
2 1 3observed in figure 7.1. The lack of a similar abrupt change in Fr
may be due to the intrusion of core excited states below the pure
proton couplings (see section 6.6), making the transition to core 
excited configurations less dramatic.
For large quantum numbers the moment of inertia obtained from the 
slope of the yrast line can be related to the deformation of the 
states, however Dossing et al. [Dos81] point out that this measure is 
inappropriate for spins less than 40. Hence, while the yrast lines 
can be used to highlight nuclear structure effects (yrast traps,
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configuration changes, etc.) quantitative inferences regarding the 
deformation of the nucleus should not be drawn from them.
7.5 SUMMARY AND CONCLUSIONS
The present study has identified high spin states to around spin 
28 "ft in each of the francium nuclei 211,212,213Fr  ^ They include 
numerous long-lived states or yrast traps several of which have been 
ascribed to relatively low energy E3 transitions.
An interpretation of the structure of these nuclei has been made 
in terms of the alignment of the spins of particles in single-particle 
orbits. Good agreement was obtained between the observed energy 
levels and the results of calculations performed by coupling the 
component particles and evaluating the total residual interaction 
energies. Empirical residual interactions were obtained by 
considering simpler couplings of the particles which occur in 
neighbouring nuclei. This calculational approach, which has 
previously been successful in describing the states of less 
complicated nuclei, was extended in the present work to include the 
calculation of core excited states. Naive weak coupling estimates 
place core excited states well above the observed states, however the 
inclusion of all the residual interaction energies results in an 
energy depression for these states, largely attributable to the strong 
proton-neutron interaction. Good agreement with the observed levels 
is then obtained.
Configurations have been assigned to most of the observed states 
and generally the structure of the francium nuclei can be well 
described in terms of simple couplings of the valence nucleons. Often 
these states are quite pure, since there is usually only a limited 
number of ways a high spin state can be formed from a given set of
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valence particles. At very high excitation energies the structure of
\
the states becomes more complicated as these states involve the 
coupling of a large number of valence particles, with a corresponding 
increase in the number of component residual interactions. In 
particular, the presence of neutron holes moderates the variation of 
the total residual interaction for different couplings since the 
proton-neutron-hole interaction favours non- stretched couplings. 
Consequently there is seldom a unique coupling which is capable of 
producing a given spin near a particular excitation energy and 
configuration mixing results. This behaviour is reflected in the 
shallower slopes of the yrast line in this region which is indicative 
of an increased density of states.
A signature of the greater complexity of the higher spin states 
is the occurrence of very strongly enhanced E3 transitions. The 
strength of the E3 transitions which de-excite states at low 
excitation energies can be well explained by the coupling of the 3~ 
vibrational state to a single pair of orbits in the initial and final 
states. These couplings enhance non spin-flip E3 transitions to about 
70% of the core octupole strength. The very enhanced strengths of the 
higher placed transitions, which exceed the 3~ core strength, are 
explained either by couplings of the octupole state to a multiply 
excited orbit or by couplings to more than one component of a mixed 
configuration.
In conclusion, the interpretation of the nuclear structure in 
terms of single-particle orbits, appears to describe well the 
properties of the observed states in the francium nuclei. Apparently 
effects due to a static deformation of the nucleus, which are expected 
at very high spin, do not have a significant influence on the 
behaviour of the states, at least in the spin and energy regime of the 
present work.
A P P E N D I C E S
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APPENDIX 1 
ELECTRONICS
A block diagram of the electronics used for the gamma-gamma 
coincidence experiment which incorporated two Compton suppressed Ge 
detectors is presented in figure Al.l. The circuit is a conventional 
fast/slow coincidence arrangement with the inclusion of vetos provided 
by the anti-Compton shields. An event in the Ge detector is rejected 
if an event is also detected in the Nal(Tl) shield within a time 
interval of ±100 ns. The final energy signals from the Ge detectors 
and the TAC signal are strobed by the signal from the slow coincidence 
unit before presentation to the ADCs and the computer interface. The 
circuits for the gamma-gamma-gamma and gamma-X-n coincidence 
experiments were essentially the same as that shown, but with the slow 
logic extended to allow through any pair of events from the three 
detectors.
Figure A1.2 shows a block diagram for the fast timing 
experiments. In these experiments the start signals from the 
gamma-ray detectors were combined to feed a single TAC. The stop 
signal was derived from the master oscillator used to control all the 
bunching components. In the circuit shown an additional slow 
coincidence requirement was provided for the Compton suppressed Ge 
detector by a signal from the constant fraction discriminator. This 
was required because Slow Rise Time rejection was used to improve the 
timing of this detector. When timing against the beam this extra 
coincidence requirement is redundant, however it is required in order 
to correctly determine the relative efficiency of the detector using
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shield
200ns
ENERGY
TIME
COMPTON
VETO
Compton Suppressed Spectrom eter (CSS)
Figure Al.1: Circuit diagram for the gamma-gamma coincidence 
experiment.
The boxes represent standard NIM-bin mounted modules. 
Abbreviations; SCA = single channel analyser, TFA = timing filter 
amplifier, CF = constant fraction discriminator, TAC = time to 
amplitude converter and ADC = amplitude to digital converter.
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radioactive sources. The events presented to the computer by this 
circuit are either energy and time signals from the planar detector, 
energy and time signals from the CSS, or two energy signals and a time 
signal. The third possibility, which form only a small fraction of 
the total events written on to magnetic tape, does not provide useable 
data and these events are rejected during the software analysis.
The circuit shown is similar to that used for the g-factor 
measurements, with two bare detectors replacing the CSS and planar 
detectors. In addition, a veto derived from the pulser sync signal 
was applied to the beam time signal. This veto, applied before 
presentation to the stop side of the TAC, was used to exclude events
which occurred close in time to the beam burst.
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Pulser sync
from CF
Linear
gate
Linear
gate
Planar
Ge
Linear
gate
3 -fold
Coinc
2 - fold
Figure A1.2: Circuit diagram for the fast timing experiment. 
Symbols as for figure Al.1.
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APPENDIX 2
Convolution of an exponential decay with a gaussian prompt 
response function.
Following Newton [New50] and [Lew84] the convolution integral may 
be written
F(x)
oo
f(t)P(x-t)dt.
«1-00
By substitution this reduces to
F(x) = f(x) g(y)P(y)dy.
For an exponential function f(x) with decay constant A and a 
gaussian prompt response function with standard deviation G,
F(x) -Axe X Xy -y2/2o2 e e dy
2 2-Ax A ü /2 e e
1 2 2Ay (y-AA)Z
2g
J _ c
dy .
This integral may be identified as an error function (erf). (See 
equation 7.1.22 of "Handbook of Mathematical Functions" [Abr64]) 
Expressions for the evaluation of this function are also given in this 
work (equations 7.1.25 and 7.1.26).
The expression for the decay curve of a state consists of a 
linear sum of exponential functions (see for example Sturm and Guidry 
[Stu76]). Thus the prescription for obtaining an expression for the 
decay curve which includes a prompt response function is to make the 
replacement
-Ax -Ax A^ö“/2 1 e e e -z 1 + erf - g “A
r JÖ
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APPENDIX 3 
100 MM MAGNET
The external magnetic field used in the g-factor measurement was 
provided by an ANAC 100mm Laboratory magnet (type 3472 HA 26) Tapered 
pole tips were used which reduced the diameter of the pole face to 
25 ram. The maximum field attainable in this configuration, with a 
pole gap of 11.5 mm, was 2.4 tesla. The field uniformity over the 
target volume was better than 0.5%. Power was provided by a current 
regulated Hewlett Packard power supply, HP 6269B, connected to produce 
a magnetic field pointing downwards.
The experimental configuration and a close-up view of the target 
chamber are shown in figure A3.1. Details of the magnet support and 
target chamber may be found in the drawings UD-570 and UD-574. The 
chamber is mounted with the pole tips providing support and forming 
the top and bottom of the chamber. The figure shows the chamber as 
seen by one of the Ge detectors. The beam enters the chamber from the 
right through a magnetically shielded beam tube. A collimator, from 
which current can be measured, is situated immediately inside the 
chamber. The mylar window shown in figure A3.lb was replaced for the 
g-factor measurements by 0.25 mm stainless steel. A similar removable 
window extends along the side of the chamber out of view in this 
picture. The targets can be positioned in the pole gap either through 
the port in the side (shown) or through the rear flange (partially 
obscured). For the Fr experiments the target was mounted on a heated 
target ladder attached to the rear flange. Figure A3.la shows the 
detector configuration used in the present experiments. Lead
Figure A3.1: g-factor facility.
The upper photograph, A3.la, shows the detector configuration used 
in the present measurements. The beam enters the target chamber 
from the right. The two GMX detectors are placed at angles 135° 
to the beam axis and the shielding for the detectors can be seen. 
A neutron detector (partially obscured) was used in a forward 
quadrant to monitor the beam pulsing.
The lower photograph, A3.lb, shows a close-up view of the target 
chamber with the detectors removed. The tapered pole tips, target 
ladder and beam collimator can be distinguished through the mylar 
window.
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shielding was used around the Ge detectors to prevent them from seeing
any radiation not directly from the target. Iron shields were also
used to reduce the magnetic field seen by the Ge detectors.
A plot of the field profile as a function of the distance along
the beam axis is shown in figure A3.2. these data^, the beam
18bending for a 70 MeV 0 beam and maximum field was calculated to be 
2.3 mm with beam bending of 5°. (This value agrees with an 
experimental value of 2 ± .5 mm obtained by traversing a Au/Pt edge 
along an axis perpendicular to the beam direction.)
x 1000
= 2 4 Tmax
distance (cm)
Figure A3.2: Field profile.
Field profile for the 100 mm magnet measured along the beam axis 
and with the target chamber and associated shielding in place. 
The field in the pole gap during the measurement was 2.4 tesla.
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Three Hall probes were used to measure the magnetic field. Two 
of these probes used high linearity Bell BH-701 elements, one of which 
was mounted so that is temperature during measurement was held 
constant and above the ambient temperature (about 60 °C). The control 
electronics for the heater and probe are contained in a single NIM-bin 
mounted module. The Hall voltage is provided on the front panel of 
this unit and can be measured using a floating-common voltmeter (eg 
Fluke 8050DVM). Both of the BH-701 probes were calibrated in the 
field of a Varian E-Line/35 GHz System magnet which has a specified 
accuracy of 0.5% in the 1.5-2.5 T range. The field calibration for 
the heated probe as a function of the Hall voltage is given by B 
(tesla) = 0.0061 + 11.98 V + .540 V^, where V is the Hall voltage in 
volts. For the other high linearity probe the calibration is B 
(tesla) = 0.0050 + 11.32 V + 1.35 V^. The calibration for the 
unheated probe was made at a temperature of 20.5 °C. Field 
measurements using this probe are corrected for temperature variations 
using the temperature coefficient -0.04%/°C. The field measurements 
made with the two probes agree to within 0.5%. The accuracy of the 
field measurements is supported by the agreement of better than 0.5% 
between the g-factor for the 29/2+ state in ^^Fr obtained in the 
present work and the precise measurement of the same g-factor by Beene 
et al. [Bee77] .
The third Hall probe is similar to those used on the beam 
transport magnets for the 14UD accelerator [Ste75]. It is mounted in 
the fringing field of the magnet aL.d the voltage from this probe can 
be read fron the control console of the 14UD accelerator. The 
relationship between this value and the field in the pole gap is shown 
in figure A3.3.
Hail probe #  3
voltage (V)
Figure A3.3: Field in the pole gap against Hall probe voltage.
This calibration curve is for the Hall probe mounted in the 
fringing field of the magnet ( 6cm from the target). The curve 
gives the field in the pole gap for the Hall voltage reading on 
the 14UD control console.
214
Appendix 4: E3 STRENGTHS IN THE LEAD REGION
Nucleus EY E.l
keV
Ef * Jf T
*ns
active
orbits
B(E3)
103e2fm6
S
W.u.
ref
204Pb 2620 2620 0 3" 0+ .87(13)a 76(11) 29 Als67
206Pb 2640 2640 0 3" 0+ 1.00(12)a 87(10) 34 Als67
205Pb 1175 3195 2020 25/2" 19/2+ 326(25)b vi"1 + f"! .22(6) Ber73
208Pb 2614 2614 0 3" 0+ c 87(2) 34 Sp<?83
209Pb 1422 1422 0 15/2" 9/2+ 2.0 (4)c vj -*-g 65(14) 25 Mar77
210Pb 1869 1869 0 3" 0+ - 6 5(15)a 56(13) 21 E1171
2822 2822 0 3" 0+ .35(10)a 30(9) 11 E1171
211Pb 1303 1303 0 15/2" 9/2+ . 7 3 C 9 ) a vj +g 63(8) 24 E1176
212Pb 1820 1820 0 3" 0+ .65(25 )a 56( 22) 21 E117la
204Bi 752 805 54 10" 7+ 19(2) ms vi"1 -f"1 .00065(5) Sch80
918 2833 1915 17+ 14" 1.54(5)msbvi_1 + f_1 .00031(2) Lon81
206Bi 903 1044 141 10" 7+ 1.3(1) msbvi_1 -*f_1 .00031(3) Lon78
207Bi 743 2102 1358 2l/2+ 15/2" 262ys vi"1 -f"1 .00086 Sch77
208Bi 921 1571 650 10" 7+ 3.72(6) msvi 1 -*f 1 .00083(1) Sch80
209Bi 1608 1608 0 13/2+ 9/2" .39(26)c’d . .7T1 ->h 15(12) 6 Mar 7 7
21°Po 1869 1869 0 3" 0+ .87(9)a 78(8) 30 E1173
661 2849 2180 11" 8+ 29(2)b TTi -*• f 46(10) 20 Fan71
1292 2849 1557 11" 8+ 29(2)C,b ui ->-h 9(1) 3.4 Fan71
280 5057 4777 16+ 13" 9.7 ysb TTi ->■ f 81 31 Har81
686 5057 4372 16+ 13" 9.7 ysb iri ->-h 2 .79 Har81
211PO 1065 1065 0 15/2" 9/2+ 20(2) vj -*-g 52(5) 20 Fan81
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Nucleus E
Y E.l
keV
Ef J.l * Jf T
*ns
active
orbits
B(E3)
1 r|3_2r- 6 10 e fra
s
W. u .
ref
205At 404 2340 1936 29/2+ 23/2" 11.2(2)ysb TT i -*■ f 49(2) 19 Dav84
20SAt 472 2276 1804 16” 13+ 2160(300)b Hi -> f 63(8) 24 Fan84
751 2276 1526 16" 13+ 2160(300)b TT i h 3.1(4) 1.2 Fan84
209At 578 2429 1852 29/2+ 23/2" 1.3(2) ys Tri f 60(7) 23 Ber75
210At 644 2550 2043 15" 12+ 840(80) TTi ->f 43(4) 16 Rah78
372 4028 3655 19+ 16" 5.8(24)ysb TTi f , vj -»■ g 130(50) 50 Rah 7 8
211At 714 2641 1928 29/2'*" 23/2" 101b ui -*f 51(7) 19 Ber70
435 4816 4381 39/2" 33/2+ 6.0(6) ys TTi ->f 83(9) 31 Mai 71
209r „ 479 3637 3158 35/2+ 29/2" 4.3(4) ys TTi -> f 62(6) 24 Pol84
1197 4834 3637 41/2" 35/2+ 14.4(5) ui ->f 34(2) 13 Pol84
210 Rn 564 3812 3248 17" 14+ 1.59(9) ys TTi ->f 56(3) 21 Pol82
897 2563 1665 11" 8+ 92(5) TTi -> h 7.6(4) 2.7 Pol82
1181 4994 3812 20+ 17" 16.5( 10) TTi -*■ h 32(2) 12 Pol82
842 7310 6469 25" 22+ 49(3) Vj + g 100(6) 38 Pol82
1245 8555 7310 28+ 25" TTi ->h,vj -*g 44 17 Pol82
211 Rn 1320 5247 3927 41/2" 35/2+ £ 2 0 > 6 >/3 Pol84
854 6101 5247 49/2+ 43/2" 42(1) TTi ->f,Vj + g 126(5) 49 Pol84
1299 7400 6101 55/2" 49/2+ <10 >28 "5 11 Pol84
687 8856 8169 63/2" 57/2+ 290(10) •ni ->f, vj -yg 80(5) 30 Pol84
212 Rn 709 4055 3320 17" 14+ 40 w TTi -vf Hor79
1359 5403 4033 20+ 17" ' 25 TTi ->h > 8 > 3 Hor79
968 7113 6180 25" 22+ 26 Tii , vj -yg 85(8) 32 Hor79
701 8550 7849 30+ 27" 222 vj -yg -9-5t 13) 36 Hor79
°\o-S
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Nucleus E
y
E.l
keV
Ef V + J f T
*ns
active
orbits
B(E3)
103e2fm6
S
W.u.
ref
213Rn 895 895 0 15/2“ 9/2+ 72(22) vj 51(6) 20 Lon83
521 2179 1657 31/2“ 25/2+ 2.9 ys 7Ti -> h 57(6) 21 Lon83
795 2976 2179 37/2 31/2" 80(11) Vj + g 106(13) 40 Lon83
2 1 4 r „ 769 4509 3740 (20+ 17-) 332(50) nh ->■ i ,vi ->g 32(5) 12 Lon83a
211Fr 563 2423 1860 29/2+ 23/2" 210(20)b ui -*■ f 60(8) 23 Byr84
728 4657 3929 45/2" 39/2+ 178(20) TTi f 87(10) 33 Byr84
212Fr 612 2492 1879 15" 12+ 870(40) TTi f 58(3) 22 Byr84
588 5854 5266 27" 24+ 450(30) TTi +f ,Vj ^ g 14 8(18) 56 Byr84
213Fr 681 2538 1856 29/2+ 23/2" 350(30) TTi -> f 70(6) 26 Byr84
910 4993 4083 45/2“ 39/2+ 19(2 )e TTi ^  f 112-91 42-34 Byr84
929 6715 5786 53/2+ 47/2" 9(2)b vj -vg 108(25) 40 Byr84
215Fr 817 3068 2251 39/2" 33/2+ 30(3)b vj -^ g 77(11) 28 Sch84
214Ra 817 2681 1864 11“ 8+ 480b iri ^ h 7(2) 2.6 Hor79
609 2681 2071 11" 8+ 480-b TTi -vf 55(11) 20 Hor79
668 4141 3974 17" 14" 332 TTi ->-f 84( 17) 33 Hor79
215Ra 772 772 0 15/2" 9/2+ 170(15) vj ->g 61(6) 22 Lon83
215Ac 642 2438 1796 29/2+ 23/2" 483(15) TTi ^ f 74(3) 27 Dec83
* mean-life in ns unless otherwise stated
h 71 h9/2 ’ 1 1Tl 13/2 ’ f
a) from particle reactions:
* -1 -1 -1 .-1 
TTf 7/2 * f vf 5/2 ’ 1 " Vl 13/2’ g
O f ) Q  _  4.strength relative to Pb 3 0
vg9 / 2 , j Vj 15/2,
b) partial branch from the initial state
c) from Coulomb excitation experiments
d) Mixed M2/E3 transition 6 = .33(10)
e) uncertainty in branching (Hor79 B(E3) = 72000 (15000)e2fmb)
w) branching ratio not given
217
Appendix 5: M2 STRENGTHS IN THE LEAD REGION
Nucleus EY E.X Ef J. ->l Jf T y-raybranching
aT strength ref
keV keV keV % W.u.
201At 749 749 0 13/2+ 9/2“ 23(2) ns 100 .10 .22(3) Dyb83
20V 182 2833 2651 17+ 15" 1.54(5) ms 36(4) 9.84 3.5(3)E-4 Lon81
205pb 26 1013 987 13/2+ 9/2" 8.0(2) ms a 1.2E4 l.KDE-3 Mai 71
205Po 161 880 719 13/2+ 9/2“ 930(3o) ys 100 16.43 •72(8)E-3 Sch78
206Bi 229 1044 816 10" 8+ 1.3(1) ms 60(6) 4.48 2.6(4)E-4 Lon78
207Po 301 1115 814 13/2+ 9/2" 71(6) ys 100 1.91 2.5(3)E-3 Con73
207Rn 234 899 665 13/2+ 9/2" 261(26) ys 100 5.0 1.1(2)E-3 Rez74
208Rn 790 2618 1828 10" 8+ 17(1) ns 81(11) .12 .17(3) Tri83
209Pb 644 1423 779 15/2" 11/2+ 2.0(4) ns 10(1) .21 •55(14) Mar77
209Bi 1608 1608 0 13/2+ 9/2“ .4(3) ns b .018 .28(19) Mar 7 7
209Rn 1174 798 376 13/2+ 9/2" 19(2) ys 100 1.1 .0042(4) Pol83
210At 485 4027 3542 19+ 17" 5.8(35) ys 42(4) .5 3(1)E-3 Rah78
212At 662 888 225 11+ 9" 28(1) ns 63(6) .18 .19(2) Sj o79
a) Total intensity branching ratio 98%'.
b) Mixed M2/E3 transition 5 = .33(10).
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APPENDIX 6
ANGULAR MOMENTUM RECOUPLING
This appendix briefly reviews the angular momentum recoupling 
rules used in this thesis. Further details may be found in the book 
by Lawson [Law80]. The wave function for a two particle state 
formed by the coupling of states Xj ^  ) and may writt:en
as the product
IM m^m^ ( j xj 2ni1m2 I IM) Xjim1(-1) Xj2m2(2)
where (J 1 *j 2 *m l ,m2 is a Glebsch Gordan coefficient
Diagrammatically this may be represented as
The symmetry properties of the Clebsch Gordan coefficients immediately 
lead to the result
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A three particle wave function can be similarly written as the 
product of the component wave functions by applying the two particle 
expansion in succession. In this case however the values of the 
coefficients depend on which pair is coupled first.
Diagrammatically the three particle state may be represented by 
either
j 3 or j 3
I I
The relationship between the two wave functions is
j
I I
where j = / 2j+l and W(j ^  ^»I»J 3 :^ 2  »^23  ^ a Raca^ coefficient
Also
I I
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6.1 CALCULATION OF INTERACTION ENERGIES
Ignoring three body forces the interaction energy of the state 
ip = 1(0^2^12^3^1 depends only on the sum of the individual two body 
interactions. Provided these are known the only problem is the 
recoupling of the wave function so that appropriate pairs are coupled 
together.
For example the contribution to the total interaction from j9 
coupled to j3, denoted <0 2^3^ is determined as follows:
Using the equation above the wave function ip can be written
The interaction energy for the coupling is given by 
<i['* j H( j 2J 3) | X  and using the recoupled wave function
<4',|H(j2j3)|ip> 2 r kk'
K K' ^12^23 w (31’32,I,j3’J12,K)
x W(j1,j2,I,j3:J12K') x<j / X  vj3 I H (j 2 j j 3> I
H( j 2J 3) operates only on and j3 to give the two body interaction 
energy for j2 and j3 coupled to spin K, denoted E(j2»j3,K). Because 
of the orthoganality of the wavefunctions the final term in this 
expression will be non zero only if all the diagonals of the polygons 
for the initial and final states have the same quantum numbers. Thus 
the interaction energy becomes
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<j2 .j3> = s (2K + 1)(2J12+1) W2(j1)j2,I>j3:J12K) E(j2,j3>K)
K
The total interaction energy is given by the sum of the <J 2^  3 ’ 
< j 2> and 1J 3^  interactions which are calculated in the same
manner.
In the general case of coupling of three particles is not
specified, and since it does not appear explicitly in the final 
decomposition, it can take any value consistent with the total spin 
I. Where more than one value of is allowed a diagonalization must
be performed over the space determined by the allowed values of Jj2* 
For example in the coupling of the orbits j^ = 9/2, j 2 = 7/2 and 
j2 = 13/2 to give I = 27/2, the allowed values of are 8 and 7.
Thus the diagonal terms for the <12^ 3^  interaction are given by
E?7 = 2 (2K + 1) 15 W2(9/2, 7/2., 27/2, 13/2,:7,K) E(7/2, 13/2, K)
and
E88 I (2K+1) 17 W2(9/2, 7/2, 27/2, 13/2, :8,K) E(7/2, 9/2, K) K
The off-diagonal terms are
E-,Q = EQ7 = S (2K + 1) /15 /17 W (9 / 2, 7/2, 27/2, 13/2,:8, K) 
78 87 K
X W (9/2, 7/2, 27/2, 13/2,:7, K) E(7/2, 9/2, K)
Similar terms must be generated for the <j^j2> an<* ^1^2^ terms
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and the energy eigenvalues obtained by diagonalizing the sum of these 
matrices.
Couplings of more than three particles may be treated by repeated 
application of the the three particle recouplings given above or, in 
the case of four particles, by the use of 9j coefficients (see Lawson 
p.51 [Law80]).
In the special case of maximally aligned spins the angular 
momentum recoupling is trivial, since for the case I = j^+j2+j3,
^12 • ^ 23* 1 »3 2 * ^3,:^ 12*^23  ^ = anc* t*ie couplings can be freely 
permuted. Hence, the interaction energy of a maximally aligned 
coupling is simply the direct sum of the interaction energies of the 
maximally aligned pairs.
6.2 PARTICLES OF THE SAME ORBITAL
In order to reduce couplings involving several particles in the 
same orbit to two body interactions the jn configurations must be 
decomposed using coefficients of fractional parentage. 
Diagrammatically
where denotes antisymmetrized wave function and
<jn ■''JßJ I }j n iot> a coefficient of fractional parentage. (Values from 
the tabulation of Bayman and Lande were used in this work [Bay66].) 
The Sn term in this expression is a counting factor and arises because
any of the n particles can contribute to the interaction
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Appendix 7: MANY BODY INTERACTION ENERGIES
Parent
Nucleus
Configuration Spin E
XkeV
E
keV
EspkeV
AintkeV
207 -2 +Pb P g 9/2 2728 10096 10800 -704loi -2 +
ip 13/2 1607 12161 12546 -33S208 2 -1-1 + +Po h (p f )2 2 686 6537 7110 - -573
2 -2 +h p 8 1528 7379 7140 239209 2 -1 -Po h p 1/2 0 -1119 -2Z8 -891
2 -1h f 5/2 542 -574 +368 -942209 3 -1-1 + -At h (p f )2 11/2 577 3726 3938 -2123 -1-1 + —h (p f )2 13/2 725 3874 3938 -643 -2 -h p 21/2 1428 4577 3342 1235210 3 -1 +At h p 9 1252 -2759 -4026 12 073 -1 +h p 11 1363 -2648 -4026 13783 -1 +h f 13 2041 -1970 -3430 14602 -1 -h ip 15 2550 -1462 -2428 9562 -1 -h if 16 3107 -904 -18 12 9182 -1 -h if 17 3542 - 469 -1822 13533 -1 -
i P 17 1689*3 -1 -i f 19 2191*211 3 —At h 9/2 0 -11759 -11394 -3 65
3 —h 17/2 1321 -10438 " 9563 -h 21/2 1417 -10342 M 10522 +h i 29/2 2641 -9118 -9786 668212 3 -At h g 15 -212*3 +
h j 18 -4*3 +i g 21 -784*3 -i j 24 -589*210 4 -1-1 + + dRn h (p f )2 9 2266 1406 114 12924 -1-1 + + dh (p f )2 10 2377 1517 114 1403
E224
P a r e n t  C o n f i g u r a t io n  Sp in  E
x
N ucleus keV keV
E
sp
keV
A
i n t
keV
4 -1 -
h p 1 /2 0 -8084 -7824. -260
4 -1 -
h f 5 /2 540 -7544 -7228 -316
4 -1 —
h p 9 /2 1458 -6625 -7824 119 9
4 -1 -
h p 13/2 1578 -6506 " 1318
4 -1 - d
h p 17 /2 1578 -6506 M 1318
4 -1 — d
h f 19/2 2114 -5970 - 7 2 Z 1258
4 -1 - d
h f 21 /2 2148 -5936 -7228 1292
4 -1 — d
h f 25 /2 3118 -4966 -7228 2262
4 -1 — d
h p 2 3 /2 2651 -5433 -7824 2391
4 -1 — d
h p 25 /2 5352 -5352 -7824 2472
4 -1 —
h f 29 /2 2490*
3 -1 - d
h f  p 29 /2 3244 -4840 -6928 2088
3 -1 + d
h ip 31 /2 3845 -4239 -6215 1966
3 -1 + d
h ip 3 5 /2 3927 -4157 -6215 2048
3 -1 + d
h i f 37 /2 4511 -3573 -5619 2046
3 -1 + d
h i f 39 /2 4922 -3162 -5619 2457
2 2 " I — dh i “p 39 /2 5241 -2843 -4606 1763
2 2 - i — d
h i p 4 1 /2 5247 -2843 -4606 1763
4 +
h 0 0 -16060 -15192 -868
4 +
h 2 1274 -14786 406
4 +
h 4 1502 -14558 " 634
4 +
h 6 1641 -14419 " 773
4 +
h 8 1671 -14389 " 803
4 +
h 10 2632 -13428 *' 1764
4 +
h 12 2859 -13201 1991
3 +
h f 12 3276 -12784 -14296 1512
3 +
h f 14 3336 -12724 " 1572
3 —
h i 11 2739 -13321 -13584 263
3 -
h i 15 3969 -12091 " 1493
3 -
h i 16 4113 -11947 " 1637
3 -
h i 17 4046 -12014 " 1570
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Parent Configuration Spin E E E A
Nucleus X sp intkeV keV keV keV
212 2 _Rn h if 17 4561 -11499 -  at»'?.'?, 118*2 -h if 18 5093 -10961 " 17\S2 2 +h i 20 5405 -10655 - \\9Vo 1321213 4 +Rn h g 25/2 -215*4 -
h j 31/2 -480*4 +
h g 33/3 972*4 —
h j 39/2 785211 4 -2 +Fr h ip 37/2 3602 842 -2646 34883 -2 +h ifp 39/2 3929 1169 -1749 29183 2-2 -h i p 45/2 4657 1897 -1036 2933213 5 -Fr h 9/2 0 -18239 -18990 7515 -h 13/2 1189 -17050 M 19405 -h 17/2 1441 -16828 M 21625 -h 21/2 1590 -16649 •• 23414 -h f 23/2 1856 -16383 -18094 17114 —h f 27/2 2740 -15499 •• 25954 - -h f 31/2 2950 -15289 28054 +h i 29/2 2538 -15702 -17382 16804 +h i 33/2 3427 -14812 M 25704 +h i 37/2 3655 -14584 " 27983 +h if 39/2 4083 -14156 -16486 23303 +h if 41/2 4675 -13564 " 29223 2 -h i 41/2 4898 -13341 -15774 24333 2 —h i 45/2 4993 -13246 M 2528
d) energy of unobserved low energy transition.
calculated from two body data.
Abbreviations: h 1'h 9/2- 1 ”i13/2> f ^7/2’ p VPi/2’ f "^5/2’
S =Vg9/2’  ^ = ^ 15/2‘
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APPENDIX 8
TRANSITION RATE FOR PARTICLE-VIBRATION COUPLED STATES
Consider the states, formed by the occupation of the j ^ and 
orbits, which are connected by a single particle transition with 
reduced transition probability B(E3;j^ jf). These states can couple 
to the 3 vibration to give the states 11> = a | j ^ > + (3 | j £ ® 3 >  and 
I F> = TIJ f ^ + 6| j-^  ® 3>. The reduced matrix element for an E3
transition between these states is given by
<FIIT lll> = oty<j f IIT 3I j ±> + 3Y<j f IIT3 'I j f ® 3_>
+ a.6<j ® 3"llT llj> + B6<ji ® 3“llT3lljf ® 3~>
where T3 is the appropriate E3 transition operator. The first terra of 
this expression is just the single particle matrix element for the 
jf transition. The second term may be recoupled (see [Law80]) 
and expressed in terms of the vibration reduced transition matrix 
element <0+ I T^ I 3 > as follows
3 3
Evaluating the Racah coefficient
<jfllT3lljf ® 3~> = j./(3jf) x <0+IIT3H3_>
A similar recoupling gives the relationship for the third term 
<ji ® 3—IIT3I j i> = <3~*!IT3!!0+> = l/3<0+llT3 Il3”> where the relationship
227
between the time reversed matrix elements (discussed below) has been 
used. The final term may be uncoupled as
<ji ® 3“ IIT3I j f ® 3"> = W(3,jf ,jf ,3;ji ,ji) <jf 1 T 3 I j ±> , however
for the orbits considered here the Racah coefficient is very small and 
can be neglected. Thus the total reduced transition matrix element 
can be written
<FIIT3 III> = ay<jf HT3 llji> + (3y j±/(3jf) + a 6 /3}<0+ llT3  113 >.
The relationship between the reduced matrix element and the 
reduced transition probability, as given by Lawson, is 
B(E3;i f) = (2f+l)/(2i+l) | <f IIT3  I i>|2 . Applying this to each of 
the matrix elements above gives the total reduced transition 
probability as
B(E3; I ->F) = [ ay/B(E3;ji -* jf) + { ßy + a 6  (jf/j i)}/B(E3;3~ + 0+ )]2.
8.1 TIME REVERSED MATRIX ELEMENTS
In general the relationship between reversed matrix elements is 
J '<J' IlT^ IIJ>* = (-1)^+A ^ J <J IIT -yll J"> , where * denotes the complex 
conjugate and T the modified Hermitian adjoint (see Lawson, equation 
A2.10). For self adjoint operators this equation may be written 
J ' <J' IIT-^II J> = -c(-l)J+A_J J < Jll T-jJI J ' > , where the phase factor c 
depends on the symmetry properties of the operators [Boh69, p.85].
Bohr and Mottelson give the phase factor for the vibration operator as 
c = -1 ([Boh75, equation 6-41], hence <0+ IIT3 ll3-> = /7<3~ ||T3 1|0+> . This 
symmetry differs from that for operators which transform like 
spherical harmonics (see for example [Ros67]), so that the single 
particle transition matrix elements behave as
J'<Jf 1ITX I J> = (-1)J_J,J <J ||TX IIJf > .
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